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The hippocampus is essential for memory and spatial navigation. Many theories have 
been proposed to explain how the hippocampus contributes to cognition; however, none has fully 
explained relevant neurophysiological and behavioral data. Hemispheric lateralization of 
hippocampal function has been reported in humans and in rodents, and lateralization of 
hippocampal neural circuitry has been reported in rodents. Most theories of hippocampal 
function fail to consider the hippocampus as a bilateral structure with hemispheric differences. 
Further, proposed theories of hippocampal lateralization have their own limitations in explaining 
empirical data concerning left/right function. Little is known about communication between the 
hippocampi across hemispheres. In addition, the information that we do have about hippocampal 
lateralization has been acquired in examination of CA3 or CA1, while less is known about the 
dentate gyrus. Here, my goal is to further our understanding of the hippocampus as a bilateral 
structure via novel theoretical and empirical contributions. In this dissertation, I will argue for a 
new model of bilateral hippocampal function, demonstrate a function of interhemispheric 
communication across hemispheres, and show that lateralization extends to the dentate gyrus. I 
will: formulate a model of left/right hippocampal function in Chapter 1; characterize 
lateralization in hippocampus-dependent learning and memory in Chapter 2; examine activity-
dependent gene expression in the dentate gyrus across hemispheres in Chapter 3; and quantify 
adult neurogenesis in the left and right dentate gyrus in relation to experience in Chapter 4. The 
data collected in Chapters 2-4 are not tests of the model presented in Chapter 1. Rather, they are 
examinations of interhemispheric communication and lateralization that may be used in the 
future to produce more robust models of the bilateral hippocampus. Collectively, these 
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contributions suggest that the mouse hippocampus is indeed lateralized and that the sharing of 
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Chapter 1: A New Model of Hippocampal Lateralization 
 
Abstract 
The left and right rodent hippocampi appear to exhibit striking lateralization in some of 
the very neural substrates considered to be critical for hippocampal cognitive function. Despite 
this, there is an overwhelming lack of consideration for hemispheric differences in studies of the 
rodent hippocampus. Asymmetries identified so far suggest that a bilateral model of the 
hippocampus will be essential for an understanding of this brain region, and perhaps of the brain 
more widely. Although models have been proposed to explain how the left and right 
hippocampus contribute to behavior and cognition, these models have either been refuted by 
more recent studies or have been limited in the scope of data they explain. Here, I will review 
data on human and rodent hippocampal lateralization and will propose a novel model of the 
hippocampus as a bilateral structure. This model proposes a lateralization of associative and 
working memory (LAW). The LAW model of bilateral hippocampal function postulates that the 
left hemisphere stores spatial information as discrete, salient locations and that the right 




Animal experimental models are powerful tools for investigating the cellular and 
molecular bases of cognition. For instance, non-human animal studies on the hippocampal 
formation have led to the discovery of spatially selective place cells (O’Keefe & Dostrovsky, 
1971), long-term potentiation (Bliss & Lømo, 1973), and sharp wave ripple oscillations (Buzsáki 
2 
 
et al., 1992), findings which have provided invaluable insight into the neural bases of spatial 
cognition and memory. A crippling obstacle in extending findings in animal studies to our 
understanding of the human hippocampus is the widely held view that the rodent hippocampus 
does not exhibit the same interhemispheric differences that are seen in humans. Lateralization is 
an asymmetry, in degree or presence, of a particular neural substrate or process between 
hemispheres (Concha et al., 2012). The human hippocampus has been shown to be strongly 
lateralized with respect to cognitive function (Maguire et al., 1998; O’Keefe et al., 1998; Spiers 
et al., 2001; Burgess et al., 2002; Maguire & Frith, 2003; Howard et al., 2014). Specifically, the 
left hippocampus is specialized for episodic, contextual, and long-term autobiographical memory 
(Spiers et al., 2001; Maguire & Frith, 2003), while the right hippocampus is specialized for 
navigation (Maguire et al., 1998; Spiers et al., 2001; Howard et al., 2014). However, despite 
recognition of lateralization in several measures of function, anatomy and physiology 
(Kawakami et al., 2003; Shinohara et al., 2008; Kohl et al., 2011; Shipton et al., 2014; Benito et 
al., 2016; Villalobos et al., 2017), a vast majority of studies on the rodent hippocampus do not 
take lateralization into account.  
Historically, rodent hippocampal lateralization has been ignored because the rodent 
hippocampus has substantial bilateral projections between hippocampal subfields, which are 
thought to be absent or considerably weaker in primates (Wilson et al., 1987; Amaral & 
Lavenex, 2007). It has been hypothesized that a lack of interhemispheric communication 
between the hippocampi in humans has led to functional lateralization in this species (Zaidel, 
1995). Supporting this idea, successful navigation in the Morris Water Maze, a commonly used 
behavioral test to assess rodent hippocampal function, relies on both hippocampi for optimal 
performance (Fenton & Bures, 1993). Thus, it is widely thought that the rodent hippocampus is 
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not functionally lateralized. However, several studies have indicated that the human brain may 
indeed have direct interhemispheric projections between the left and right hippocampi (Gloor et 
al., 1993; Rosenzweig et al., 2011; Lacuey et al., 2015). Further, rodent hippocampal 
lateralization has been reported in function (Klur et al., 2009; Shinohara et al., 2012, Shipton et 
al., 2014; El-Gaby et al., 2016), synaptic plasticity (Kohl et al., 2011; Shipton et al., 2014), 
anatomy (Kawakami et al., 2003; Shinohara et al., 2008; Shinohara & Hirase, 2009), and 
chemistry (Louilot & Le Moal, 1994; Wolff et al., 2008). As discussed below, some of the most 
intriguing hemispheric asymmetries in rodent hippocampal physiology are not easily identifiable 
using classical experimental techniques. These asymmetries were only recently uncovered using 
advanced methods. Failure to consider differences between the left and right rodent hippocampi 
in cellular quantification experiments can lead to incomplete and inconsistent conclusions 
(Chapter 4, Jordan et al., 2019). Collectively, these findings indicate the importance of 
understanding the hippocampus as a bilateral structure and of taking into account differences 
across hemispheres. 
In this chapter, I will review literature on hippocampal lateralization in rodents and in 
humans and the relation of these data to memory and spatial cognition. I will first briefly review 
the genetics of body asymmetry and how these genes may also influence cognitive function. I 
will then describe major findings on hippocampal lateralization discovered using rodent models 
(Table 1.1), the methods leading to these discoveries, and why lateralization is difficult to detect 
using classic experimental protocols. I will then argue that hemispheric asymmetries in 
functional specialization in rodents may be more similar to that seen in humans than traditionally 
thought, and that rodent models may lead to novel insights regarding interhemispheric 
contributions to hippocampal function. Finally, I will review theories of the cognitive 
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contributions of the left and right hippocampi and propose a novel model for how the left and 
right hippocampi process spatial information and contribute to hippocampal function. 
Conservation of Organismal and Brain Lateralization 
Cerebral lateralization was once considered to be a uniquely human phenomenon, 
perhaps enabling behaviors or cognitive functions that are also unique to humans. Since the 19th 
century, it has been known that the human brain is lateralized with respect to verbal 
communication and comprehension. Lateralization in non-human animals was not reported until 
long after the initial reports on humans. Lateralization, specifically with respect to memory, has 
since been reported not only in humans (e.g. Spiers et al., 2001), but in macaques (Macaca 
nemestrina; Doty et al., 1999), fruit flies (Drosophila melanogaster; Pascual et al., 2004), 
honeybees (Apis mellifera; Rogers & Vallortigara, 2008), snails (Helix lucorum; Kharchenko et 
al., 2010) and zebra finches (Taeniopygia guttata; Tsoi et al., 2014). Further, hippocampal 
lateralization of spatial memory has also been reported in humans (Spiers et al., 2001) as well as 
homing pigeons (Columba livia; Kahn & Bingman, 2004), mice (Mus musculus; Shinohara et al., 
2012; Shipton et al., 2014; El-Gaby et al., 2016) and rats (Rattus norvegicus; Klur et al., 2009). 
In fact, flies and mice with asymmetric neural circuitry have superior memory compared to those 
with symmetric brains (flies: Pascual et al., 2004; mice: Kawakami et al., 2008) and the degree 
of left dominance in the songbird auditory memory system positively correlates with song 
memory (Tsoi et al., 2014). These data indicate that lateralization in the neural systems 
underlying memory may be more of a rule across animals than a set of exceptions. 
Genetics of body and neural lateralization.  How does lateralization happen in the first 
place? The genetics of organismal lateralization may be conserved in invertebrates and in 
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vertebrates (Blum & Ott, 2018; Yuan & Brueckner, 2018). In mammals, thoracic and abdominal 
organs have a ubiquitous asymmetric arrangement and the development of this lateralization is 
dependent upon leftward flow of growth factors generated by the chiral beating of cilia during 
embryonic development (Nonaka et al., 2002). Loss of ciliary function in humans leads to a 
condition called primary ciliary dyskinesia (PCD). In patients with PCD, among other symptoms 
is a randomized laterality of thoracic and abdominal organs (Lobo et al., 2014), which is seen in 
other organisms with ciliary dysfunction (Nonaka et al., 2002). Artificially induced rightward 
nodal flow reverses organ laterality in wild-type mice and can induce stereotyped laterality in 
mice with immotile cilia that typically have a randomized laterality (Nonaka et al., 2002). There 
are a number of genes that have been implicated in PCD and in organ lateralization (Lobo et al., 
2014). Studies in rodents have identified multiple genes that appear to affect not only organ 
lateralization but also spatial memory and hippocampal lateralization. DYX1C1 is associated with 
PCD in humans and deletion of this gene in mice produces a PCD-like phenotype, including 
altered organ laterality (Tarkar et al., 2013). In rats, in utero administration of DYX1C1 RNAi 
impairs spatial working memory (Szalkowski et al., 2011). In addition, mutations to the gene 
left-right dynein randomize organ lateralization and also abolish hippocampal lateralization in 
mice (Kawakami et al., 2008). Interestingly, these mutant mice exhibit deficits in spatial 
reference and working memory (Goto et al., 2010). Collectively, these data indicate that the 
genes involved in determining thoracic and abdominal lateralization during development may be 
conserved in mammals. These very genes may also play a role in the establishment of functional 





Lateralization at Mouse CA3/CA1 Synapses 
Area CA1 of the hippocampus receives excitatory input from both the ipsilateral (via 
Schaffer projections) and contralateral (via collateral projections) CA3, often referred to as the 
“Schaffer collateral” pathway. Manipulations that impair LTP at Schaffer collateral-CA1 
synapses also impair long-term memory (Wong et al., 1999). The left and right hippocampi are 
also connected via collateral fibers traveling along the ventral hippocampal commissure (VHC). 
It should be pointed out that this term is not in relation to the functional distinction between the 
dorsal and ventral hippocampus (Kjelstrup et al., 2002) as fibers within the VHC innervate the 
entire dorso-ventral extent of the contralateral hippocampus (Amaral & Lavenex, 2007).  
Asymmetry of postsynaptic receptor subunits at Schaffer-collateral synapses.  Schaffer 
collateral-CA1 synapses differ substantially in microanatomy, molecular composition, and 
capacity for LTP depending on the hemispheric origin of CA3 input and independent of which 
hemisphere the postsynaptic CA1 spine resides in. In a landmark study, VHC transection, the 
severing of all collateral fibers projecting from CA3 to the contralateral CA1, identified 
intriguing molecular asymmetries of the mouse hippocampus (Kawakami et al., 2003). 
Following surgery, CA1 received only ipsilateral projections. Following VHC transection, the 
authors identified a higher density of the GluN2B protein in stratum radiatum of left CA1 than 
right CA1. Lateralization was not seen in surgically naïve mice with an intact VHC, suggesting 
that this lateralization was due to the hemispheric origin of CA3 input. The authors performed 
whole-cell slice recordings and measured NMDA EPSCs in CA1 apical dendrites following 
stimulation of the stratum radiatum and found that neurons receiving left CA3 input showed a 
greater sensitivity to GluN2B antagonism (via bath application of the GluN2B antagonist Ro-25-
6981) than those receiving right CA3 input, but only in VHC-transected mice. Interestingly, the 
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authors found the reverse pattern of lateralization with a higher density of GluN2B expression in 
the right stratum oriens than in the left in VHC-transected mice. Further, EPSCs in the right CA1 
showed a greater sensitivity to GluN2B blockade following stimulation of the stratum oriens. It 
is not clear what the functional significance of this reverse pattern of lateralization in the stratum 
radiatum and oriens is. However, a majority of CA1 synapses lie in stratum radiatum and 
subsequent studies of physiological lateralization examined the properties of the Schaffer 
collateral pathway in stratum radiatum. A follow-up study determined that asymmetric GluN2B 
density in CA1 was specific to pyramidal neurons as interneurons showed no such laterality (Wu 
et al., 2005). As GluN2B is closely associated with the capacity for LTP (Lisman et al., 2002), it 
appeared that hippocampal LTP may demonstrate interhemispheric asymmetries. However, 
experimental limitations (i.e. inability to selectively stimulate unilateral CA3 fibers) prevented 
the authors from testing this possibility directly. Despite these limitations, Kawakami et al., 
(2003) was the first to suggest that physiological processes thought to be essential for 
hippocampal function (e.g. LTP) may be asymmetric across hemispheres. 
A follow-up study confirmed this lateralized pattern of GluN2B density and further 
characterized bilateral expression of other glutamate receptor subunits and the postsynaptic 
targets of left and right CA3 axons (Shinohara et al., 2008). GluA1, an AMPA receptor subunit 
associated with LTP saturation, was shown to have higher expression levels in both left and right 
CA1 synapses that receive input from the right CA3 (Shinohara et al., 2008), reflecting a mirror 
asymmetry to that seen in GluN2B. There was no observed asymmetry in GluN2A, GluA2, or 
GluA3, and the functional implications of this pattern are unclear. Additionally, the authors 
characterized the morphology of spines in CA1 synapsing with left or right CA3 axons. To do 
this, they injected a viral vector to drive expression of axonal GFP into either the left or right 
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CA3 of intact mice. These axons were then traced via serial electron microscopy to their 
dendritic targets in CA1. These dendritic spines were then digitally reconstructed allowing for 
volumetric quantification of spine heads. They found that CA1 spines targeted by right CA3 
axons had a larger volume and synaptic surface area than CA1 spines targeted by left CA3 
axons. Further, a greater proportion of right CA3-targeted CA1 spines displayed the larger 
mushroom head phenotype than spines with a thin phenotype. This study concluded with a 
model of hippocampal circuitry in which left CA3 fibers targeted small, GluN2B-rich CA1 
spines while right CA3 fibers targeted large GluA1 spines. 
The metabotropic glutamate receptor subunit mGluR5 is associated with long-term 
depression (LTD) at hippocampal Schaffer-collateral synapses (Kirschstein et al., 2007). 
Interestingly, this subunit shows a similar pattern of lateralization as GluN2B, being more 
densely expressed at CA1 synapses receiving left CA3 input (Shinohara & Hirase, 2009). To 
summarize, GluN2B and mGluR5, molecules associated with complementary forms of synaptic 
plasticity (Lisman et al., 2002; Kirschstein et al., 2007) are expressed at higher densities at CA1 
synapses receiving left CA3 input (Kawakami et al., 2003; Shinohara et al., 2008; Shinohara & 
Hirase, 2009). GluA1, a molecule associated with saturation of LTP and synaptic maturity 
(Shinohara et al., 2008), is dominant at CA1 synapses receiving right CA3 input (Shinohara et 
al., 2008). These studies established the presence of molecular hemispheric lateralization in 
hippocampal neural circuitry. 
Synaptic physiology at Schaffer collateral synapses.  An early idea regarding how the 
hippocampus may acquire and temporarily store new memories is the synaptic memory 
hypothesis. This hypothesis suggests that memory may be stored via activity-dependent changes 
in the strength of synaptic transmission (Bliss & Collingridge, 1993). Though recent data has 
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called this idea into question (Chen et al., 2014; Ryan et al., 2015), it is clear that synaptic 
plasticity and memory are intimately linked. LTP is a long-lasting form of synaptic plasticity in 
which synaptic transmission is enhanced on the timescale of hours to days following a high 
frequency train of presynaptic action potentials (Bliss & Lømo, 1973), or a presynaptic action 
potential during a time of postsynaptic depolarization (Caporale & Dan, 2008). LTP at Schaffer 
collateral synapses between CA3 and CA1 is associated with hippocampus-dependent memory 
formation (Wong et al., 1999).  
As the density of GluN2B expression depends on the hemisphere of origin of CA3 
projections (Kawakami et al., 2003), and as GluN2B is associated with the potential for LTP 
induction (Lisman et al., 2002), these findings led to the hypothesis that LTP at Schaffer 
collateral synapses may be left-lateralized (Kohl et al., 2011). However, because CA1 neurons 
form synapses with presynaptic terminals from both ipsilateral and contralateral CA3, 
electrically stimulating Schaffer collaterals masks potential lateralization of the terminals 
originating in the left or right CA3 (Kawakami et al., 2003; Kohl et al., 2011; Shipton et al., 
2014). To overcome this limitation, the left or right CA3 was injected with a viral vector carrying 
the gene for channelrhodopsin-2, a light-gated cation channel (Kohl et al., 2011). This ensured 
that the fibers originating from CA3 in only one hemisphere could be selectively stimulated 
using an optical stimulus in a slice preparation, as indicated by a lack of cross-facilitation 
between optical and electrical stimuli. t-LTP, a form of LTP in which presynaptic stimulation is 
followed closely by a train of postsynaptic action potentials, was performed on slices from either 
hemisphere. Presynaptic optical stimulation of only the left CA3 resulted in t-LTP at Schaffer 
collateral synapses in either left or right CA1. However, presynaptic stimulation of right CA3 
produced no t-LTP in either left or right CA1. Moreover, electrical stimulation of CA3 in either 
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hemisphere induced t-LTP at Schaffer collateral synapses, confirming that the asymmetry had 
been masked using traditional methodologies (as in Kohl et al., 2011; Shipton et al., 2014).  
The authors found that NMDA receptor currents and NMDA:AMPA receptor ratios were 
not lateralized. However, GluN2B antagonists blocked postsynaptic NMDA currents at Schaffer 
collateral synapses more during left CA3 stimulation than during right CA3 stimulation. This 
supported previous studies finding of a higher GluN2B density in synapses originating from the 
left CA3 (Kawakami et al., 2003; Shinohara et al., 2008). Further, the lack of asymmetry in 
NMDA receptor currents indicates that the lateralized capacity for t-LTP induction was due to 
postsynaptic GluN2B expression, and likely not a consequence of asymmetric NMDA receptor 
expression or presynaptic projection strengths. 
Using a similar optogenetic approach, Shipton et al. (2014) examined whether high 
frequency stimulus (HFS) LTP, which does not depend on GluN2B action, is also lateralized. To 
do this, they injected left or right CA3 with a ChR2-containing virus (as in Kohl et al., 2011). 
Since optical stimulation cannot produce a response frequency comparable to standard HFS 
induction protocols, an electrical stimulus of 100 Hz was used for HFS. Potentiation was tested 
using optical pulses to left or right CA3 while recording field potentials in CA1. Optical stimuli 
revealed potentiation of left-CA3 inputs to CA1 but not of right-CA3 inputs. This effect was 
again masked when using electrical stimuli to elicit postsynaptic responses after HFS. Thus, both 
a GluN2B-sensitive (t-LTP) and a GluN2B-insensitive form of LTP have shown a left-




Is left-lateralized plasticity a rule at Schaffer-collateral synapses? So far, only 
lateralization of LTP at Schaffer-collateral synapses has been studied (Kohl et al., 2011; Shipton 
et al., 2014). Although one study found a lack of asymmetry of Schaffer-collateral LTD in the 
hippocampus of wild-type mice, this study used an NMDA receptor-dependent induction 
protocol (O’Riordan et al., 2018). As there is no hemispheric asymmetry of NMDA receptor 
currents or NMDA:AMPA ratio (Kohl et al., 2011), this result is not surprising. As mGluR5 is 
associated with LTD and has lateralized expression similar to GluN2B (Shinohara & Hirase, 
2009), it is possible that optical LTD induction using a mGluR5-dependent protocol may reveal 
an asymmetry of this form of plasticity.  
To date, it appears that synaptic plasticity at Schaffer-collateral synapses only occurs at 
CA1 synapses receiving left CA3 input (Figure 1.2). Considering the relationship between 
synaptic plasticity and hippocampal function, these findings have profound implications for our 
understanding of the hippocampus and call into question the viability of approaching the 
hippocampus as a bilaterally homogenous structure. 
 
Functional Lateralization in Humans and Rodents 
Spatial memory in humans.  In humans, both the left and right hippocampi appear to be 
active during goal-oriented spatial navigation but may play different roles in such tasks (Maguire 
et al., 1998; O’Keefe et al., 1998; Spiers et al., 2001; Burgess et al., 2002; Howard et al., 2014). 
PET imaging of healthy human subjects found that both the left and right hippocampi 
demonstrated increased metabolic activity during goal-oriented virtual navigation (Maguire et 
al., 1998). However, activity in only the right hippocampus positively correlated with navigation 
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accuracy. Interestingly, activity in only the right caudate nucleus significantly correlated with 
virtual navigation speed. Thus, the authors hypothesized that the right hemisphere may be 
specialized for spatial navigation. In a subsequent study of patients with unilateral medial 
temporal lobe lesions, subjects explored a virtual town that consisted of multiple rooms where 
different characters could give them a particular object. Patients with lesions to the left medial 
temporal lobe were impaired for contextual aspects of episodic memories, such as identifying the 
room in which they saw a character (Spiers et al., 2001). In this same study, subjects were made 
to navigate through the virtual town to a particular location. An image of this location was 
present to the subject throughout the navigation process. Despite a constant display of the goal 
location, patients with right medial temporal lobe lesions were less accurate in navigating to the 
goal than left-lesion patients or controls. fMRI imaging of BOLD activity during spatial 
navigation has revealed insight into how the right hippocampus may perform its specialized 
function of spatial navigation (Howard et al., 2014). In this study, right medial temporal lobe 
structures such as the hippocampus and entorhinal cortex, appeared to signal distance to and 
direction of the goal location. These distance and direction signals were not seen in the left 
hemisphere.  
Considering how patients with left or right medial temporal lobe damage may function in 
a more natural setting, it appears that goal-directed spatial navigation would be impaired by 
lesions to either hemisphere, as left hemisphere damage would impair memory for particular 
places and right hemisphere damage would impair the ability to navigate to those places. 
Because an image of a goal location would not be constantly present as it was in the virtual task, 
left-lesioned subjects would forget which goal location they would be searching for. Right-
lesioned subjects may remember perfectly well which location they are searching for but cannot 
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formulate a route to get there. These data demonstrate the requirement of both hemispheres for 
goal-directed navigation, consistent with clinical studies, and suggest that tasks that require both 
memory for particular locations and the ability to navigate to them may be insufficient to resolve 
functional specialization across hemisphere (Maguire et al., 1998; O’Keefe et al., 1998; Spiers et 
al., 2001; Burgess et al., 2002; Howard et al., 2014). 
Long-term spatial memory in rodents. Lesions of either the left or right hippocampus 
equally impair water maze performance in rats (Fenton & Bures, 1993). However, it is possible 
that while both hemispheres may contribute to spatial navigation, they may differ in function as 
has been shown in human studies (Maguire et al., 1998; Spiers et al., 2001). In an elegant study, 
the timing of unilateral hippocampal inactivation via lidocaine infusion was found to affect 
retrieval in a spatial water maze task, depending on which hemisphere was inhibited and when 
(Klur et al., 2009). In their first series of experiments, rats were tested on their ability to retrieve 
the location of a well-learned escape platform: After 6 days of drug-free training, a probe trial 
was conducted during which the escape platform was removed from the pool and either the left, 
right, both, or neither hippocampus was inactivated prior to the probe trial, thus testing the ability 
to navigate to a learned location. Inactivation of either the right or both hippocampi impaired 
selective searching for the escape platform (measured by duration spent in the correct quadrant), 
whereas left hippocampus inactivation had no effect. Therefore, after 6 days of learning, only the 
right hippocampus was necessary to locate the platform on a learned water maze. In a parallel 
series of experiments, the authors examined how hippocampal inactivation during acquisition 
impaired later recall of the escape platform location during a drug-free probe trial. If either the 
left or both hippocampi were inactivated during the 6 days of training, performance on the drug-
free probe trial was impaired. However, inactivation of the right hippocampus during training did 
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not have an effect. Thus, the left hippocampus was needed for acquisition of a spatial memory 
but was not needed for retrieval of a well-learned spatial memory. Conversely, the right 
hippocampus was required for expression of a spatial memory but was not required during 
acquisition to store spatial memories. To explain these data, the authors proposed a model in 
which spatial memories are acquired by the left hippocampus and then transferred to the right 
hippocampus for storage and retrieval, although subsequent data has since called this model into 
question (Shipton et al., 2014; El-Gaby et al., 2016). 
Spatial memory abilities of the left and right hemisphere have also been tested by 
severing the VHC and corpus callosum in mice and then stitching the left or right eye shut 
(Shinohara et al., 2012). In mice, 3-5% of retinal output axons project ipsilaterally as opposed to 
50% in humans (Erskine & Herrera, 2014). With an intact optic chiasm, a majority of visual 
information was input to the hemisphere contralateral to the intact eye and this information did 
not subsequently cross hemispheres. Thus, left eye-intact mice processed a majority of visual 
input in the right hemisphere and vice versa for right eye-intact mice. Mice were trained over 15 
days on a Barnes Maze task in which they had to use extramaze spatial cues to locate an escape 
hole. There was no difference between left and right eye-intact mice during acquisition. 
Performance on a probe trial was better in mice that used their right hippocampus than those that 
used primarily their left hippocampus as indicated by more time spent searching near the learned 
escape hole. Notably, mice using their left hippocampus still searched selectively near the escape 
hole, just not as selectively as mice using their right hippocampus. Follow-up experiments 
showed that both hippocampi were capable of spatial processing as there was no difference 
between the two groups on a spatial T-Maze task. Finally, there was no difference between 
groups following contextual fear conditioning, though it is not clear whether sensory modalities 
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other than visual input may have played a role in contextual recall. These data were interpreted 
as a right-dominance of spatial memory. However, there are several caveats to be considered 
when interpreting this study. First, although a majority of visual input was indeed processed by 
one hemisphere, there is still information received by each eye that is processed by the non-
dominant hemisphere. Second, the left and right hippocampi were not inactivated and thus may 
still have contributed to spatial processing despite reduced visual input, perhaps being driven by 
peripheral sensorimotor input via the path integration system (McNaughton et al., 1996, 2006). 
Finally, it is not clear if functional asymmetries were the result of lateralized hippocampal 
processing or lateralized processing in other brain regions. 
In another study of functional hippocampal lateralization, short-term spatial memory was 
found to be dependent on both hippocampi while long-term spatial memory acquisition was 
found to be dependent on the left hippocampus only, consistent with left-lateralization of water 
maze acquisition (Klur et al., 2009) and in contrast to a proposed right-lateralization of spatial 
memory (Shinohara et al., 2012). The contributions of left and right CA3 to long-term spatial 
memory were examined using unilateral optogenetic inhibition in vivo. Left or right CA3 were 
inhibited during a long-term Y-Maze task. In this paradigm, one arm of a three-arm Y-Maze is 
rewarded and mice are placed in one of the other two arms to start a training trial. Mice must 
then use the configuration of distal spatial cues to determine which arm is rewarded. Inhibition of 
left CA3 impaired acquisition of this task even after 11 days of training, however, right CA3 
inhibition had no effect. A follow-up study confirmed this finding, showing that optogenetic 
silencing of left CA3 axons in CA1 impaired spatial Y-Maze acquisition over 10 days of training 
(El-Gaby et al., 2016). Again, inactivation of right CA3 axons had no effect. These data, 
indicating a lack of necessity of right CA3 in the long-term Y-Maze task, dispute previous 
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models of hippocampal lateralization, such as the interhemispheric transfer of spatial engrams 
(Klur et al., 2009) and right-dominance of spatial memory (Shinohara et al., 2012). Thus, to 
explain these data, the authors suggested a time-dependent lateralization of spatial memory in 
which both hemispheres initially contribute, but over time, learning in the left hippocampus via 
activity-dependent synaptic plasticity lessens the need for the right hippocampus (Shipton et al., 
2014; El-Gaby et al., 2015). However, this model does not explain the necessity of the right 
hippocampus in memory retrieval on a well-learned water maze task (Klur et al., 2009), 
indicating the need for a new model of bilateral hippocampal function (discussed below). 
A partial summary of the consistent findings across humans and rodents suggests that 
both hippocampi contribute to spatial information processing (Maguire et al., 1998; Spiers et al., 
2001; Klur et al., 2009; Shinohara et al., 2012; Shipton et al., 2014). With respect to left 
hippocampal function, it appears that in rodents, the left hippocampus is needed for acquisition 
of long-term spatial memory engrams during learning (Klur et al., 2009; Shipton et al., 2014; El-
Gaby et al., 2016). There was no lateralization of acquisition in split-brain mice with laterally-
biased visual processing (Shinohara et al., 2012), however, neither hippocampus was inhibited in 
this experiment. In humans, damage to the left medial temporal lobe impairs spatial memory for 
particular places (Spiers et al., 2001). It is not yet clear if left hippocampal data in rodents and in 
humans reflect similar cognitive functioning. The right hippocampus appears to be required for 
spatial navigation in a well-learned environment in rodents (Klur et al., 2009) and in humans 
(Spiers et al., 2001) but may also contribute to short-term spatial memory in rodents (Shipton et 
al., 2014). It is not yet clear if these data are a function of a particular cognitive process 
facilitated by the right hippocampus that has not yet been identified. 
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Comparison of human and rodent place memory and navigation studies. Given the 
divergent effects of left and right medial temporal lobe damage in humans on performance of 
spatial memory tasks (e.g., Spiers et al., 2001), it appears that the phenomenon commonly 
referred to as “spatial memory” may be broken down into separate cognitive subprocesses. In 
one process, memories for salient locations and events occurring at these locations are acquired, 
stored and retrieved. This process appears to be facilitated by the left hippocampus. In another 
process, navigational routes between salient locations, such as a start and a goal location, are 
computed and then followed. This process appears to be facilitated by the right hippocampus. 
Assuming conserved lateralized function in rodents, it follows that both hippocampi are required 
for optimal performance of the water maze task (Fenton & Bures, 1993), but that their 
contributions to these tasks are different (Klur et al., 2009). Why then is the left hippocampus not 
needed for retrieval of a well-learned platform location as shown by Klur et al., (2009)? It may 
be that after extensive training to the point of asymptotic performance, memories acquired by the 
left hippocampus are consolidated into the cortex (Frankland & Bontempi, 2005), reducing or 
even abolishing the effects of left hippocampal inactivation. Additionally, why is the right 
hippocampus not needed for the Y-Maze spatial long-term memory task (Shipton et al., 2014)? 
In order to solve this task, mice were required to distinguish salient locations from each other, 
using distal spatial cues to identify which arm was rewarded. Once identified, their path to the 
goal location is restricted by the walls of the maze, and thus, does not require any route 
computation. Use of local cues, such as the maze walls, to guide navigation does not depend on 
the hippocampus (McDonald & White, 1994). Thus, as in humans, loss of left hippocampal 
function impairs spatial memory for salient places, such as a goal location. Loss of right 
hippocampal function impairs spatial navigation to well-learned places in rodents (Klur et al., 
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2009) and to goal locations that the subject may even be constantly reminded of (Spiers et al., 
2001).  
Short-term memory in the left and right rodent hippocampus.  Unilateral contributions to 
short-term spatial memory have also been tested in mice (Shipton et al., 2014). The left or right 
CA3 was inactivated during a spontaneous alternation task in the T-Maze, where mice will 
typically explore the arm they have not most recently visited if the inter-trial interval is brief. 
Mice started from the stem of the T-Maze and were allowed to choose one of the other arms to 
explore. Once they entered an arm, the entrance was closed, and they were allowed to explore 
only that arm for 30 seconds. After exploration, they were immediately placed back into the start 
arm and allowed to again choose an arm to explore. Under baseline conditions, mice will 
typically (~80% of trials) choose to explore the arm other than the one they had most recently 
explored. Inactivation of either left or right CA3 impaired performance on this task, indicating a 
memory loss for the preceding exploration (Shipton et al., 2014). Interestingly, right inactivation 
led to even more impairment than left inactivation. In another test of short-term spatial memory, 
mice explored two arms of a three-arm Y-Maze during an encoding trial while a third arm was 
blocked off (Shipton et al., 2014). Mice were then returned to their home cage for one minute, 
unlike in the T-Maze task in which retrieval trials began immediately after the encoding trial 
ended. Mice were re-exposed to the apparatus and preference for the arm that was blocked off 
during encoding was measured. As in the T-Maze task, inactivation of either the left or right 
CA3 impaired preference for the novel arm in the Y maze. However, unlike in the T-Maze task, 
the impairments caused by left and right inactivation were equivalent. Although the authors did 
not remark upon this result in their conclusions, it is possible that the T-Maze alternation task 
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was more impaired by right CA3 inactivation than by left CA3 inactivation because there was no 
delay between trials. Thus, it is possible that spatial working memory is right-dominant.  
In summary, physiological and functional lateralization experiments suggest that left-
lateralized synaptic plasticity enables the left CA3 to acquire and store spatial representations of 
particular locations and the events occurring at these locations as proposed by El-Gaby et al., 
(2015). Though not proposed in existing models of the bilateral hippocampus (discussed below), 
right-lateralized synaptic stability may enable spatial working memory and would always be 
required for spatial navigation.  
 
Previous Models of Hippocampal Lateralization and Spatial Memory 
Interhemispheric engram transfer.  An early model of bilateral hippocampal function 
proposed that spatial memories may be acquired by the left hippocampus and are then transferred 
to the right hippocampus for storage and retrieval (Klur et al., 2009). This is an elegant 
explanation for water maze impairments seen in rats following unilateral inactivation at different 
phases of acquisition and retrieval (Klur et al., 2009). Further, an experimental demonstration of 
memories translocating across hemispheres would profoundly change our understanding of how 
organisms acquire, store, and retrieve memories. However, this explanation does not appear to 
explain data from subsequent studies. First, split-brain mice without direct connections between 
the left and right hippocampi were capable of learning and retrieving a spatial Barnes Maze task 
(Shinohara et al., 2012). Second, long-term spatial memory on the Y-Maze task did not require 
the right hippocampus for storage or retrieval (Shipton et al., 2014; El-Gaby et al., 2016). Given 
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these new data, it does not appear that hippocampal spatial memory engrams are transferred 
across hemispheres. 
The lateralized plasticity-stability hypothesis.  One promising model of bilateral 
hippocampal function suggests that left CA3 acquires and stores new memories via its capacity 
for synaptic plasticity and that right CA3 rapidly provides spatial representations of novel 
environments via stable neural networks that were preconfigured during development (El-Gaby 
et al., 2015). Prior to exploration of a novel environment, hippocampal ensembles have been 
shown to “preplay” compressed versions of the activity patterns that are later seen during spatial 
exploration (Dragoi & Tonegawa, 2011, 2014). It has been proposed that space can be 
represented rapidly by selection of established networks of hippocampal neurons (Dragoi & 
Tonegawa, 2014). These networks may be a characteristic of right CA3 and would be 
preconfigured during development to represent a newly explored space rapidly upon initial 
exploration and these representations would be feedforward to bilateral CA1 (El-Gaby et al., 
2015). Here, maps could be modified via spatial learning that engages left CA3, allowing for the 
integration of spatial information acquired over many experiences to the preconfigured spatial 
representations contributed by right CA3 (El-Gaby et al., 2015). Such modifications may 
establish new CA1 place cells that would integrate into networks with left CA3, reducing the 
contribution of the preconfigured right CA3 spatial representations to spatial memory over time 
(consistent with data reported by Shipton et al., 2014). The model proposed right CA3 
contribution to cognitive map formation. However, with spatial learning, right CA3 becomes 
dispensable. Thus, one limitation of the conceptualization by El-Gaby et al. (2015), is that it is 
not clear how it would account for the requirement of the right hippocampus when searching 
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during the probe trial of a well-learned MWM (as seen in rats by Klur et al., 2009) or during 
spatial navigation (as seen in humans by Spiers et al., 2001).  
 
LAW: Lateralization of Associative and Working Memory  
Here, I will propose a new model of bilateral hippocampal function that seeks to describe 
how the left and right hippocampi contribute to spatial memory and to hippocampal function. 
Specifically, I concur with the previous proposal that left CA3 is specialized in associative 
memory acquisition and storage (El-Gaby et al., 2015), however, I add that right CA3 is 
functionally dominant for spatial working memory and will thus always be needed for spatial 
memory tasks that require route navigation. This is in contrast to the proposal that right CA3 is 
less necessary for spatial memory with learning. Further, I propose that spatial representations 
produced by the left and right CA3 are fundamentally different: left CA3 represents space as 
discrete, salient locations, while right CA3 represents space continuously (Figure 1.3). These 
different types of spatial representation may give rise to functions that have been reported to be 
lateralized in the hippocampus.  
Functional consequences of CA3 lateralization for spatial processing.  Highly plastic 
networks in left CA3 may be specialized for acquisition and storage of new memories, and 
indeed a left hemisphere dominance of spatial memory acquisition has been demonstrated (Klur 
et al., 2009; Shipton et al., 2014; El-Gaby et al., 2016). Exactly what the function is of right-
lateralized stability remains unknown. One hypothesis is that right CA3 was preconfigured 
during development and allows for rapid emergence of spatial maps when entering a new 
environment. These maps can then be feedforward, establishing spatial maps in bilateral CA1 
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which are then modified over time by plastic projections from left CA3 (El-Gaby et al., 2015). 
My own model extends this idea to propose that the right hippocampus may be dominant for 
spatial working memory. This proposal is based on the finding that right CA3 inactivation 
produced a greater deficit than left on a short-term spatial T-Maze task in which retrieval trials 
immediately proceeded encoding trials (Shipton et al., 2014), and is also consistent with rapid 
forgetting of spatial location after an interruption in humans following right temporal lobectomy 
(Smith & Milner, 1989). Thus, any task that would require retrieval of a memory stored in the 
hippocampus and also spatial working memory would require both hippocampi. 
Navigation to a specified goal location would depend on both memory of the goal 
location as well spatial working memory to guide navigation. Goal locations may be stored in 
left CA3 as spatial associations between salient external stimuli. Further, these locations would 
be stored as discrete, individual places, preventing interference with other places during retrieval 
(Figure 1.3). Thus, any task that requires the learning or retrieval of particular places within an 
environment will be impaired by left CA3 inactivation. Indeed, optogenetic silencing of left CA3 
impaired acquisition of the rewarded arm on a spatial long-term Y-Maze task (Shipton et al., 
2014; El-Gaby et al., 2016), and pharmacological inactivation of the left hippocampus impaired 
acquisition of the spatial water maze task (Klur et al., 2009). If salient locations are acquired, 
stored and retrieved by left CA3, why then does inactivation of left CA3 after acquisition not 
affect spatial memory in the MWM (Klur et al., 2009)? This may be because multiple training 
trials over six days to asymptotic performance resulted in the consolidation of the goal location 
engram into cortical memory networks (Frankland & Bontempi, 2005). Thus, only memories for 
individual locations that are not yet consolidated into the cortex would depend on the left 
hippocampus. This has not yet been tested. The short-term Y-Maze task is also impaired by 
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inactivation of left CA3 (Shipton et al., 2014), possibly because it requires encoding and retrieval 
of the three arms as discrete locations, allowing the mouse to determine the novel arm as a 
distinct location from the other two. 
While space may be represented by left CA3 as discrete locations, it may be represented 
by right CA3 as continuous (Figure 1.3). Such continuous representations would be held in 
working memory, allowing for flexible navigation along routes. Any hippocampus-dependent 
task that would require spatial working memory, such as searching for a particular coordinate 
location within an environment, would be impaired by right CA3 inactivation. For instance, 
search for a well-learned location in the MWM is impaired by right hippocampal inactivation 
(Klur et al., 2009). Conversely, the long-term Y-Maze task, which does not require spatial 
working memory but only spatial memory for the reward location (discussed above), is not 
affected by right-inactivation (Shipton et al., 2014). Spatial working memory may be involved in 
the short-term Y-Maze task. As the animal explores the maze during the retrieval trial, a failure 
of spatial working memory may lead to less frequent re-entry to the novel arm, despite 
recognition of this arm as a distinct location from the two explored during the encoding trial. It is 
not surprising then that right CA3 inactivation impairs novelty preference on the short-term Y-
Maze task (Shipton et al., 2014). 
A curious case remains for the short-term T-Maze alternation task as this task is impaired 
by inactivation of either hemisphere but is more greatly impaired by right inactivation than by 
left (Shipton et al., 2014). Right CA3 inactivation led to near-chance levels of alternation on this 
task. As retrieval trials immediately followed encoding trials, and as I am proposing a right-
hemisphere role in spatial working memory, this result is not surprising. However, left CA3 
inactivation also impaired performance on this task, though not to the degree of right CA3 
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inactivation. Notably, when the encoding trial ended, the experimenter removed the mouse from 
its current arm and repositioned it in the start arm. Such a salient interruption may demarcate the 
encoding trial and retrieval trials as individual events, rather than maintaining them as a single, 
coherent event. Thus, just as I am proposing that the left CA3 may discretize space into salient 
locations, it may also discretize events into particular episodes, consistent with a left 
hippocampus involvement in episodic memory in humans (Spiers et al., 2001; Maguire & Frith, 
2003). Thus, alternation on the T-Maze always requires spatial working memory (contributed by 
right CA3). Loss of left CA3 function impair may memory for the event that occurred during 
encoding, however, right CA3 may compensate for this loss, abating some of the deficit induced 
by the left CA3 inactivation. 
Spatial representation in left and right CA3.  My framework of an interhemispheric 
difference in spatial representation as discrete (left) or continuous (right) parallels a framework 
proposed for explaining lateralization in the human visual system known as the categorical-
coordinate hypothesis (Kosslyn, 1987 and 1994; for review, see Laeng et al., 2003). Behavioral, 
cognitive and computational experiments have converged on the idea that in the human visual 
system, small, non-overlapping receptive fields in the left hemisphere discretize space and enable 
visual identification of spatial categories (e.g. on/off or above/below) while large, overlapping 
receptive fields in the right hemisphere represent space as a continuum and may be ideal for 
coordinate spatial representations, enabling one to determine how near or far two objects are 
from each other. Applied to the hippocampus, place cells in left CA3 may be small and non-
overlapping, dividing space into discrete, salient locations where behaviorally relevant events are 
likely to occur. Place cells in right CA3 may be large and overlapping, providing continuity as 
one navigates through space. To date, there has not yet been evidence of hemispheric differences 
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in hippocampal place fields. Many studies examine place fields unilaterally. Further, CA3 
asymmetries may be lost in CA1 as this subfield receives input from both CA3. As place fields 
are most often recorded in CA1, a lack of CA1 place field lateralization may have discouraged 
investigation of place field lateralization in other areas. Chemogenetic inhibition of left or right 
CA3 while recording CA1 place cells may be a powerful tool for examining left and right CA3 
contributions to bilateral CA1 spatial mapping. 
 
Further Considerations & Future Directions 
Epigenetic lateralization.  The left and right rodent hippocampi respond differently to 
experience. The effects of spatial learning on gene expression differ in left and right CA1 (Klur 
et al., 2009). After spatial training on the Morris Water Maze, gene expression was heavily 
modulated in right CA1 (623 genes) but was modulated very little in left CA1 (74 genes), 
indicating epigenetic changes in response to spatial learning may be greater in the right 
hippocampus (Klur et al., 2009). Interestingly, spatial experience during early life was shown to 
produce epigenetic modifications in right, but not left CA1 (Tang et al., 2008; Shinohara et al., 
2013). It will be important to identify the functions of genes that are upregulated or 
downregulated in one hemisphere and not the other following spatial learning. Doing so may 
lead to novel insights regarding the functions of the left and right hippocampi as well as to the 
broader question of how the hippocampus responds to experience.  
Is CA1 lateralized?  One major question remaining with respect to hippocampal 
lateralization is whether lateralization in function of CA3 extends to CA1? Though there are 
clear asymmetries at Schaffer synapses between CA3 axons and CA1 dendrites (Kawakami et 
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al., 2003; Wu et al., 2005; Shinohara et al., 2008; Kohl et al., 2011; Shipton et al., 2014; Benito 
et al., 2016), both CA3 fields project bilaterally. Therefore, asymmetries in CA3 may not be 
relevant in CA1 as input from the left and right CA3 converge. 
CA1 place cells are the most studied cell class of the hippocampus in vivo. To date, no 
form of lateralization has been reported with respect to place cell activity. However, 
circumstantial evidence indicates there may indeed be interhemispheric differences. One 
interesting debate in the hippocampal literature concerns how place cells represent an 
environment (O’Keefe, 2007). It is pointed out that many studies have reported that place fields 
are uniformly distributed across an environment (discussed in O’Keefe, 2007), while two studies 
have shown that they may actually cluster around salient cues or goal locations (Hetherington & 
Shapiro, 1997; Hollup et al., 2001). While some of the studies reporting uniform distribution do 
not report which hemisphere was recorded (O’Keefe, 1976; McNaughton et al., 1983; O’Keefe 
& Speakman, 1987), one study reported place fields in right CA1 to be distributed evenly across 
the recording to their chamber, and that the position or shape of place fields did not appear to be 
influenced by salient environmental cues (Muller et al., 1987). This was not the case in another 
study which found that place fields recorded in left CA1 appeared to cluster near salient 
environmental cues (Hetherington & Shapiro, 1997). Further, many place fields remapped 
following the removal of such cues. Similarly, place fields of left CA1 neurons have been shown 
to cluster around a goal location after learning, even when this goal was moved to a new location 
(Hollup et al., 2001).  
Recently a new class of CA1 pyramidal neurons were described in the bat hippocampus, 
which were sensitive to either the distance or direction to a goal location (Sarel et al., 2017). 
Some of these goal-distance and goal-direction cells were shown to be distinct from place cells 
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or head direction cells. Recordings were taken only from right CA1 (Sarel et al., 2017). 
Interestingly, goal-distance signals were originally reported in a human fMRI study where they 
occurred in the right, but not left hippocampus (Howard et al., 2014). Thus, if right-side specific, 
distance and direction cells may indicate lateralization in CA1. 
Does lateralization differ across sexes?  A majority of rodent hippocampal lateralization 
literature to date has only examined males. Sex hormones can have divergent organizational 
effects on spatial memory systems (Williams et al., 1990). It is not clear if there may be sex 
differences in the development of hemispheric differences in the hippocampus, although at this 
moment there is no data to indicate that this would be the case. In fact, if there is indeed a 
relationship between embryonic organization of organ laterality and hippocampal laterality 
(Kawakami et al., 2008; Goto et al., 2010), consistent organ laterality across sexes would 
indicate consistent hippocampal laterality. In chapter 4, I found no difference between males and 
females in left or right hippocampal c-Fos expression or in degree of lateralization (Jordan et al., 
2019). While there is no data to suggest that hippocampal lateralization in males and females 
may be different, future studies will have to include females to determine whether or not an 
additional framework is needed.   
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Chapter 2: Hippocampus-Dependent Learning and Memory in Split-Brain Mice 
 
Abstract 
The hippocampus is essential for spatial and contextual memory; however, little is known 
about the functional role of inter-hemispheric communication between hippocampi. I found that 
split-brain mice, with a severed hippocampal commissure, were impaired in spatial learning and 
memory. However, split-brain mice were not impaired in hippocampus-dependent contextual 
fear memory. Thus, interhemispheric communication is not required for hippocampus-dependent 
memory per se, but instead may be necessary for integrating composite memories of events with 
spatial coordinates.  
 
Introduction  
Decades of experiments have described interhemispheric information exchange and its 
role in cognition via investigation of the corpus callosum (Sperry, 1961; Gazzaniga, 2005). 
However, very little is known about the function of the ventral hippocampal commissure (VHC), 
an interhemispheric pathway that directly connects the left and right hippocampi in rodents 
(Amaral & Lavenex, 2007). The mouse hippocampus is lateralized in NMDA receptor subunit 
densities (Kawakami et al., 2003; Shinohara et al., 2008), microanatomy (Shinohara et al., 2008), 
and synaptic plasticity (Kohl et al., 2011; Shipton et al., 2014). Further, functional hemispheric 
specialization of the hippocampus has been reported in rodents (Klur et al., 2009; Shinohara et 
al., 2012; Shipton et al., 2014; El-Gaby et al., 2016) and humans (Maguire et al., 1998; Spiers et 
al., 2001; Burgess et al., 2002). However, it is not known whether integration of lateralized 
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processing hippocampal occurs, and if so, whether such integration is required for hippocampal 
function. 
Previous studies have examined hippocampal function in mutant mice with 
maldevelopment of interhemispheric pathways (Schimanski et al., 2002; MacPherson et al., 
2008). Mice with a reduced VHC and a reduced corpus callosum (CC) showed a decrease in 
contextual fear extinction learning compared to mice with a reduced CC but intact VHC. 
However, these mice also showed impaired synaptic transmission between CA3 and CA1 and 
therefore, it is not clear whether impaired intrahemispheric communication between subfields 
contributed to their behavioral data. Behaviors of mutant mice lacking the VHC and CC have 
also been compared to those of wild-type mice with all interhemispheric fibers intact 
(MacPherson et al., 2008). Mice without a VHC and CC showed reduced freezing when exposed 
to a conditioned context at 1, 24, and 48 hours post fear conditioning. However, these mice also 
showed reduced freezing prior to conditioning and immediately after the conditioning shock 
suggesting overall reduced freezing behavior, which may have contributed to the results of the 
contextual fear memory tests. One study examined hippocampus-dependent spatial memory in 
split-brain mice with the VHC and CC severed in combination with monocular deprivation 
(Shinohara et al., 2012). These split-brain mice showed impaired acquisition of the Barnes Maze 
task compared to intact mice with monocular deprivation. However, as both the VHC and CC 
were split, it is not clear whether the VHC in particular played a role in this pattern of deficits. 
Further, deficits on the Barnes Maze were attributed to higher levels of anxiety in split-brain 
mice. Therefore, it is not clear whether interhippocampal communication via the VHC is 
required for hippocampus-dependent learning and memory. 
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The lateralized plasticity-stability hypothesis of bilateral hippocampal function (reviewed 
in Chapter 1) predicts that spatial learning in rodents is facilitated by interhemispheric 
convergence of lateralized CA3 processing in bilateral CA1 (El-Gaby et al., 2015). Specifically, 
right CA3 may rapidly map a novel environment via cell assemblies preconfigured during 
development, which have stable connections with bilateral CA1, contributing to spatial coding 
by place cells in CA1. Experience-dependent plasticity at left CA3 inputs to CA1 may convert 
CA1 place cells to conjunctive place-item cells or may simply increase the number of place cells 
in CA1, increasing spatial resolution at salient locations (El-Gaby et al., 2015). The LAW model 
of bilateral hippocampal function suggests that spatial associative memory is lateralized to the 
left hippocampus (as does El-Gaby’s model) while spatial working memory is lateralized to the 
right hippocampus. Goal-directed spatial navigation would require an interhemispheric exchange 
of information for associative memory to guide working memory during navigation and search, 
although it is not clear whether this would occur at the level of the VHC or of the CC. Both of 
these models predict a requisite interhemispheric exchange of information; however, it is not yet 
known whether interhemispheric communication is required for hippocampus-dependent spatial 
learning and memory. 
To address this, I severed interhemispheric pathways in C57BL6J mice (Figure 2.1a,b). 
SHAM surgeries consisted of a rostral to caudal incision in the cortex immediately left or right of 
the superior sagittal sinus, dorsal to the corpus callosum, leaving interhemispheric fibers intact. 
In CC mice, CC fibers were sectioned in addition to overlying cortex. In VHC+CC mice, the 
VHC and overlying corpus callosum and cortex were sectioned (Figure 2.1b, and Methods). I 
then compared hippocampus-dependent short- and long-term spatial memory and contextual fear 




Animals.  I used adult male and female C57BL6J mice (Jackson Labs) that had been bred 
in-house for 2-5 generations. Mice were 2.5-7 months at the time of surgery. Mice were 
separated by sex and group housed (3-4) with littermates in standard shoebox plastic caging with 
bedding on a 12 hr light/dark cycle with free access to food and water. Following surgery, mice 
were singly housed in standard shoebox plastic caging with bedding on a 12 hr light/dark cycle 
with free access to food and water. 
Experimental design.  The ventral hippocampal commissure contains axons connecting 
the left and right hippocampi (Amaral & Lavenex, 2007). The term ventral hippocampal 
commissure distinguishes this structure from the dorsal hippocampal commissure, which 
connects extra-hippocampal cortical areas in the left and right hemisphere and should not be 
confused with the ventral/dorsal distinction of the hippocampus itself (Kheirbek et al., 2013). 
Fibers in the VHC originate and terminate throughout the entire dorsal-ventral extent of the 
hippocampus. I performed “complete” or “partial” split-brain surgeries. A complete split-brain 
surgery consisted of transection of both the VHC and the overlying corpus callosum (CC), as the 
VHC cannot be accessed without transecting the corpus callosum. Partial split-brain surgery 
consisted of transection of only the corpus callosum located over the VHC to control for possible 
contributions of the corpus callosum to the behavioral assays, and hippocampus-dependent 
memory more specifically (Zaidel & Sperry, 1974; Zaidel, 1995). Sham surgeries consisted of 
sectioning cortex overlying the corpus callosum. I refer to mice receiving complete split-brain 
surgery as VHC+CC (n = 11; 4 females, 7 males), mice receiving partial split-brain surgery as 
CC (n = 9; 5 females, 4 males), and sham-operated mice as SHAM (n = 9; 4 females, 5 males). 
There were no sex differences in any behavioral measure, therefore males and females were 
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combined for all analyses. Sample sizes were corrected following histological confirmation of 
surgery and, correcting for technical issues during individual behavioral sessions, varied by 
behavioral test as reported in the Results.  
Surgery.  In order to sever interhemispheric pathways, I modified a method developed by 
Schalomon & Wahlsten (1995). I used an L-shaped, sharpened piece of tungsten wire (0.25 mm 
in diameter) as a knife. The body temperature of the mice was monitored and maintained with a 
heating pad. Mice were anesthetized with ketamine/xylazine (intraperitoneal, 90-120 mg/kg and 
5-10 mg/kg, respectively) and further anesthetized for one minute in an isoflurane chamber 
(4.5% isoflurane). Mice were placed in a stereotaxic apparatus, receiving a constant flow of 1.5% 
isoflurane and oxygen (1.5 L/minute) and were given an injection of bupivacaine (1.25-2 mg/kg) 
under the scalp for local analgesia. An opening was made by drilling two adjacent 1 mm-
diameter holes into the skull to access the brain. To avoid the superior sagittal sinus, openings in 
the skull were made 0.5 mm off the midline and the side of surgery for each animal was 
randomly chosen (±0.5 ML, -0.8 AP from bregma for the first hole, ±0.5 ML, -1.6 AP from 
bregma for the second hole). To sever both the VHC and CC, the short, sharpened end of the L-
knife was placed on the surface of the brain along the medial side of the hole and was then 
slowly lowered 3.5mm. Once lowered, the knife was translated anteriorly so that the knife 
moved posterior to anterior to “hook” the VHC and CC fibers. The knife was then raised until 
the short arm reached 1 mm below the underside of the skull. The knife was then translated back 
and raised out of the hole. To sever the CC only, I performed the same procedure as VHC+CC 
transection, however the knife was only lowered 2.2 mm. For sham surgeries, I used the same 
procedure, but the knife was lowered 1.0 mm. Mice were administered buprenorphine following 
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surgery (0.1mg/kg, subcutaneous). Transected and sham mice were indistinguishable by blind 
observation of their behavior in the homecage.  
Behavior.  Behavioral testing began approximately four weeks after surgery. Mice were 
habituated to handling for one day by the experimenter. On testing days, mice were transported 
to a designated behavior room and were allowed to acclimate for a minimum of 20 minutes 
before the start of the task. All behavior was scored by an experimenter blind to surgical 
condition and sex using the Stopwatch+ program. 
Short-term spatial memory was measured using the Y-Maze, known to be equally 
sensitive to inactivation of either the left or the right hippocampus (Shipton et al., 2014). The Y-
maze apparatus was constructed of clear acrylic and had three arms (height: 20 cm; length: 30 
cm; width: 8 cm) 120 degrees apart. The room contained many spatial cues including light 
fixtures and furniture. In addition, a painting and a movie poster were placed on the walls in line 
with the axes of the familiar and novel arms, while the experimenter stood along the axis of the 
start arm during each trial. Each arm was marked with a black line at the entrance to determine 
whether the mouse was in the arm or not. Mice were considered to be in an arm if all four paws 
were across the entrance line. The paradigm consisted of a 2-minute encoding trial during which 
one arm was blocked off, followed by a 1-minute intertrial interval during which the mouse was 
in its home cage, then a 2-minute retrieval session. The start arm remained the same in both the 
encoding and retrieval trial, while the exposed arm during the encoding trial was considered the 
familiar arm and the blocked arm was considered the novel arm. At the start of the encoding 
trial, mice were placed facing outward in the start arm and were allowed to explore the start and 
familiar arms for two minutes, beginning when the mouse left the start arm. Mice were removed 
from the Y-Maze and placed back into their home cage for one minute. While mice were in the 
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home cage, the block was removed to expose the novel arm. To remove any potential confounds 
from odor cues, the apparatus was wiped with 70% ethanol, rotated 120 degrees, and then wiped 
with a dry paper towel before the retrieval trial. After the intertrial interval, the mice were again 
placed facing out in the start arm and were allowed to explore the entire maze for two minutes. 
At the end of the retrieval session, mice were placed back in their home cages and the maze 
wiped and dried before the next animal was run. Y-Maze spatial memory was scored as the time 
spent in the novel and familiar arms during the retrieval paradigm. One HC+CC mouse was 
removed from analysis for failure to leave the start arm during the retrieval trial and therefore 
had scores of zero for both the novel and familiar arms. 
Long-term spatial learning and memory was measured using the Morris Water Maze 
(MWM), following the protocol of Vorhees & Williams (2006). The pool was 110 cm in 
diameter and was filled with opaque water colored with non-toxic white paint maintained at a 
temperature of 25.3°C + 0.5°C. The escape platform was white and was submerged 
approximately 0.5 cm under the surface of the water. The platform remained in the same location 
throughout training. Salient room cues were visible from the surface of the pool and included 
colored and patterned posters, lighting, and furniture. Training consisted of four trials per day for 
five days with the starting location varying on each trial. Intertrial intervals were 30 seconds, 
during which the mice remained on the platform before starting the next trial. Mice that did not 
reach the platform within 60 seconds were placed onto the platform. Twenty-four hours after 
training, a 60-second probe trial was given during which the escape platform was removed. To 
measure spatial learning, latencies to the escape platform were recorded for each training trial 
and were averaged across trials for each mouse on each of the five training days. One SHAM 
mouse was removed from analysis for exhibiting signs of hypothermia after a training session. 
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Hippocampus-independent learning was assessed using a version of the MWM in which 
the escape platform was visible, as described by Vorhees & Williams (2006). Mice were tested 
in a different room but used the same pool as in the spatial paradigm. However, the platform was 
above water level and a red disk was placed on top to contrast the platform with the white pool 
and water. Training consisted of three trials per day over five days. Mice were placed in the 
water facing the wall in the quadrant opposite to the target quadrant. After finding the platform, 
mice were left for 15 seconds before being moved to the home cage for the intertrial interval, and 
the platform was moved to a new spatial location. The intertrial interval had no set time and 
ended when the platform was moved and the water settled (approximately 30 seconds). If mice 
did not find the platform within 60 seconds, they were placed onto it by the experimenter and 
remained for 30 seconds. 
To determine whether surgical treatment affected short- and long-term hippocampus-
dependent contextual fear memory, I used a one-shock contextual fear conditioning protocol. 
This paradigm is extremely sensitive to hippocampal manipulations, as lesions of the dorsal 
hippocampus and even ablation of adult hippocampal neurogenesis produce anterograde amnesia 
of contextual fear memory when only a single training trial is given (Figure 2.5a), as done 
previously (Wiltgen et al., 2006; Drew et al., 2010; Denny et al., 2012). Conditioning took place 
in a fear conditioning chamber housed in a sound-attenuating cubicle (Med Associates). Before 
each session, the chamber was wiped down with 70% ethanol and dried. On the first day, mice 
were placed in the chamber and allowed to explore freely for 3 minutes, then given a mild foot-
shock (2s, 0.75 mA), and removed 15 seconds later (total conditioning session time = 3 minutes 
17 seconds). Two 3-minute retrieval sessions occurred 1 and 24 hours after conditioning, a 
protocol previously used to dissociate molecular contributions to short-and long-term contextual 
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fear memory (Schafe et al., 1999). Fear expression was scored as time spent freezing during each 
minute of the three-minute retrieval trial (absence of all movement, except breathing). 
Anxiety was measured using the elevated plus maze, a paradigm sensitive to both dorsal 
and ventral hippocampal manipulations (Kheirbek et al., 2013; Kjelstrup et al., 2002). The 
elevated plus apparatus consisted of four arms (30.5 cm long, 6.4 cm wide), two of which were 
enclosed on three sides with walls (20.3 cm high). Mice were placed in the center of the 
apparatus and were allowed to explore freely for 5 minutes and were then returned to their home 
cage. The apparatus was wiped with 70% ethanol and dried both before and after each trial. 
Anxiety was scored as time with all four paws on an open arm. One male HC+CC mice was 
removed from analysis as it fell off the apparatus during the session. 
Tissue processing and surgical verification.  Mice were euthanized with 0.3 mL of 
euthasol. Brains were extracted and post-fixed in 4% paraformaldehyde. Brains were then 
cryoprotected in 30% sucrose before cryosectioning at 60 µm. To assess transection of the 
corpus callosum and hippocampal commissure, sections were stained with luxol blue and cresyl 
violet. Slides were dried overnight at 37°C. Histology began with a de-fat step in which sections 
were serially dehydrated in ethanol and then placed in xylene (twice for 5 minutes each). 
Sections were then rehydrated and submersed in 70% ethanol for one hour at room temperature. 
Sections were then incubated in a 0.1% luxol blue solution in 95% ethanol overnight at 56°C. 
Myelin was differentiated via rinses in deionized water, followed by 0.05% lithium carbonate in 
deionized water, followed by 70% ethanol (2 minutes each; differentiation was repeated as 
necessary). Sections were then stained in 0.1% cresyl violet in deionized water, serially 
dehydrated, cleared in xylene and coverslipped using Krystalon. 
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Statistical analysis.  Across experiments, I included sex as a factor possibly contributing 
to my results (in addition to other factors as noted below). As I used relatively small sample sizes 
for each sex (n = 4-7 males or females within each treatment group), I then combined sexes, in 
the event that there was no effect of sex, to reduce the likelihood of a Type I error. 
In analyzing short-term spatial memory on the Y-Maze task, I planned comparisons to determine 
whether each treatment group exhibited a preference for the novel arm over the familiar arm, but 
not whether treatment groups differed in exploration times. To assess whether treatment or sex 
had an effect on Y-Maze behavior within each treatment group, I used a two-way mixed model 
ANOVA with sex and time spent in novel and familiar arms (repeating measure) as factors. As 
there were no sex differences, I reanalyzed the data for each group irrespective of sex. I 
compared time spent in the novel arm to time spent in the familiar arm within each group using 
Student’s paired t-tests (two-tailed).   
To assess spatial MWM acquisition, I used a three-way mixed model ANOVA with sex, 
treatment, and training day (repeated measure) as factors. Given that there was no effect of sex 
on spatial MWM acquisition, I then combined sexes and compared escape latencies using a two-
way mixed ANOVA with treatment and training day (repeated measure) as factors. Post hoc 
analysis of differences of escape latency between treatment groups was done using Tukey’s tests. 
To assess spatial memory on the 60-second MWM probe trial, I first compared search 
time in the target quadrant across sexes and groups using a two-way ANOVA. As there were no 
effects of sex, I then performed one-sample t-tests (two-tailed) to determine whether search time 
in the target quadrant differed from chance levels (15 s) within each group (Klur et al., 2009).  
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To assess escape latency during cued MWM acquisition, I used a three-way mixed model 
ANOVA with sex, treatment group and training day (repeated measure) as factors. Then, to 
assess whether sex or treatment had an effect on minimum escape latency on the last day of 
training, I used a two-way ANOVA with sex and treatment group as factors. I then combined 
sexes and did a one-way ANOVA across treatments. 
To assess whether sex or treatment group had an effect on freezing during either 
contextual fear retrieval session, I used a two-way ANOVA with sex and treatment group as 
factors. As there was no effect of sex, I used a one-way ANOVA to determine if treatment had 
an effect of freezing within either retrieval session.  
I used a two-way ANOVA on time spent exploring the open arms of the elevated plus 
maze with sex and treatment group as factors. As there was no effect of sex, I used a one-way 
ANOVA to determine if treatment had an effect on open arm exploration. 
 
Results 
Spatial learning & memory.  I performed a short-term memory version of the spatial Y-
Maze task (Figure 2.2a), as done previously (Shipton et al., 2014). During encoding, mice 
(SHAM: n = 5 males, 4 females; CC: n = 4 males, 5 females; VHC+CC: n = 6 males, 4 females) 
were allowed to explore two of the three-arms of a Y-Maze, with access to one arm blocked off, 
for two minutes. After a 1-minute intertrial interval, all arms were accessible, and I measured the 
time spent exploring the familiar arm versus the novel arm during a two-minute retrieval trial. 
Mice naturally explore, therefore time in the novel arm as opposed to the familiar arm is a 
measure of memory for the familiar arm. For SHAM and CC mice, there was a main effect of 
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arm novelty (SHAM: F(1,7) = 10.54, p = 0.014; CC: F(1,7) = 24.74, p = 0.002), no effect of sex 
(SHAM: F(1,7) = 0.015, p = 0.906; CC: F(1,7) = 2.296, p =0.174) and no interaction between 
these factors (SHAM: F(1,7) = 0.008, p = 0.929; CC: F(1,7) = 3.045, p = 0.125). In VHC+CC 
mice, there no effect of novelty (F(1,8) = 0.036, p = 0.854) or sex (F(1,8) = 0.627, p = 0.452) on 
exploration time and no interaction between these factors (F(1,8) < 0.001, p = 0.996; Figure 
2.2b).  
Mice (SHAM: n = 5 males, 3 females; CC: n = 4 males, 5 females; VHC+CC: n = 7 
males, 4 females) were trained on a spatial version of the Morris Water Maze in which the 
escape platform was hidden below the surface of the water and could be found using distal 
spatial cues (Figure 2.3a). Spatial acquisition was assessed by measuring the average escape 
latency on each day over the five days of training. I examined the effects of sex, treatment, and 
training day on escape latencies across training and found no effect of sex (F(1,22) = 0.511, p = 
0.482), but did find an effect of treatment (F(2,22) = 4.226, p = 0.028) and of training day 
(F(4,22) = 6.780, p < 0.0001). There were no interactions between any two factors (sex by 
treatment: F(2,88) = 0.282, p = 0.757; sex by training day: F(4,88) = 1.581, p = 0.186; treatment 
by training day: F(8,88) = 0.634, p = 0.747), and there was no interaction between all three 
(F(8,88) = 1.093, p = 0.376). As males and females performed equivalently, sexes were 
combined and escape latencies across treatment groups was assessed (Figure 2.3b). I again found 
a main effect of training day (F(4,25) = 8.304, p < 0.0001) and of treatment group (F(2,25) = 
4.268, p = 0.025) on escape latency during acquisition, with no interaction between these factors 
(F(8,100) = 0.513, p = 0.845). Post hoc analyses revealed a significant difference between 
VHC+CC and SHAM mice (p = 0.038, Tukey’s HSD) and no difference between CC and 
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SHAM mice (p = 0.932, Tukey’s HSD). There was a trend towards a difference between 
VHC+CC and CC mice (p = 0.072, Tukey’s HSD). 
Twenty-four hours after the end of acquisition training, a 60-second probe trial was 
conducted in which the escape platform was removed and time spent searching in the target 
quadrant was measured (Figure 2.3c). There was no effect of sex (F(1,22) = 1.132, p = 0.299) or 
treatment (F(2,22) = 1.186, p = 0.324) on time spent in the target quadrant, and no interaction 
between these factors (F(2,22) = 0.107, p = 0.899). I then combined sexes and examined 
preference for the target quadrant compared to chance levels within groups (Klur et al., 2009). 
SHAM and CC exhibited a significant preference for the target quadrant (SHAM: t(7) = 4.449, p 
= 0.002; CC: t(8) = 2.480, p = 0.030), however, VHC+CC mice exhibited no such preference 
(t(10) = 1.319, p = 0.210).  
Cued learning & memory.  To rule out potential effects of split-brain surgery on vision, 
locomotion, motivation, or hippocampus-independent procedural learning, mice (SHAM: n = 5 
males, 4 females; CC: n = 4 males, 5 females; VHC+CC: n = 7 males, 4 females) were trained on 
a visible version of the MWM in which mice could see the platform throughout the duration of 
each trial. I tested the effects of sex, treatment, and training day on escape latencies across 
training (Figure 2.4a), as was done in the spatial MWM task. I found an effect of sex (F(1,23) = 
11.831, p = 0.002), no effect of treatment (F(2,23) = 0.050, p = 0.951), and an effect of training 
day (F(4, 23) = 106.867, p < 0.0001). There was an interaction between sex and training day 
(F(4,92) = 4.403, p = 0.003). There was no interaction between treatment and any combination 
of other factors: (sex by treatment: F(2,92) = 1.914, p = 0.170; treatment by training day: 
(F(8,92) = 0.996, p = 0.445); sex by treatment by training day: F(8,92) = 1.001, p = 0.441). 
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These results indicate that while sex may differ in hippocampus-independent procedural 
learning, there was no effect of split-brain surgery. 
As an additional test of non-specific surgical effects, I compared shortest latencies at the 
end of training across sexes and treatment groups to determine whether fastest trials differed 
across groups. There was no effect of sex (F(1,23) = 2.455, p = 0.131) or treatment (F(2,23) = 
0.435, p = 0.653) on minimum escape latency for each mouse on the final day of training and no 
interaction between these factors (F(2,23) = 0.338, p = 0.717; Figure 2.4b). Thus, while sex 
appeared to impact acquisition of the visible MWM task, there was no sex difference in peak 
performance at the end of training. I then combined sexes and again found no effect of treatment 
group on minimum escape latencies (F(2,26) = 0.632, p = 0.539). Collectively, these data 
indicate that while spatial learning and memory are impaired, visuomotor function, motivation, 
and procedural learning are intact following loss of interhippocampal communication.  
Contextual fear memory.  I next tested mice (SHAM: n = 5 males, 4 females; CC: n = 4 
males, 5 females; VHC+CC: n = 7 males, 4 females) on hippocampus-dependent contextual fear 
memory (Figure 2.5a). There was no effect of sex (F(1,23) = 2.033, p = 0.167) or surgical 
treatment (F(2,23) = 0.479, p = 0.626) on freezing one hour after conditioning and these factors 
did not interact (F(2,23) = 0.128, p = 0.881). Similarly, there was no effect of sex (F(1,23) = 
0.336, p = 0.568) or surgical treatment (F(2,23) = 2.386, p = 0.114) on freezing 24 hours after 
conditioning, and these factors did not interact (F2,23) = 0.527, p = 0.598). I then combined 
sexes and reanalyzed freezing data during each retrieval session. There was no effect of surgical 
treatment on freezing at one (F(2,26) = 0.69; p = 0.511; Figure 2.5b) or 24 hours after 
conditioning (F(2,26) = 2.66; p = 0.089; Figure 2.5c). Although there was a trend towards an 
effect of surgical treatment during the 24 hour contextual fear memory test, this did not indicate 
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decreased memory in either group of split-brain mice, but rather a possible enhancement of fear 
memory in CC mice (Figure 2.5c). Unlike in the Y-Maze and spatial MWM paradigms, the 
contextual fear memory task does not require retrieval of a particular location within an 
environment. Therefore, impairments following VHC+CC surgery may be limited to 
hippocampus-dependent tasks that require retrieval of memories at particular locations within the 
behavioral environment. 
Anxiety.  Earlier work suggested that split-brain mice may have higher levels of anxiety, 
which may have contributed to impaired performance on a Barnes Maze spatial memory test 
(Shinohara et al., 2012). To determine whether split-brain surgery affected anxiety, I exposed 
mice (SHAM: n = 5 males, 4 females; CC: n = 4 males, 5 females; VHC+CC: n = 6 males, 4 
females) to a single session of exploration of an elevated plus maze (Figure 2.6a). Reduced 
exploration of the open arms of the maze indicates increased anxiety. There was no effect of sex 
(F(1,22) = 0.632, p = 0.435) or treatment group (F(2,22) = 0.725, p = 0.496) and these factors did 
not interact (F(2,22) = 0.497, p = 0.615). After combining sexes, surgical treatment did not 
appear to alter levels of anxiety as there were no differences among groups in time spent in open 
arms (F(2,25) = 0.867, p = 0.433; Figure 2.6b), indicating no difference in levels of anxiety 
across treatment groups. 
 
Discussion   
In summary, transection of the VHC and CC, but not of the CC alone, impaired spatial 
learning and memory as tested by the Y-Maze and MWM but had no effect on hippocampus-
dependent contextual fear memory. Further, hippocampus-independent procedural learning on a 
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visible water maze as well as anxiety in an elevated plus maze did not differ across treatment 
groups. Because the contextual fear conditioning protocol I used is sensitive to slight 
manipulations of hippocampal circuitry (Wiltgen et al., 2006; Drew et al., 2010; Denny et al., 
2012; Danielson et al., 2016); I believe it is unlikely that cellular remodeling following VHC 
transection contributed to the impairments seen in the spatial memory experiments. Further, 
although VHC+CC surgery necessarily damaged overlying structures, such as the fimbria, 
fornix, and septum (Figure 2.1a,b), contextual fear memory has been shown to be impaired 
following lesions to the fimbria and fornix (Maren & Fanselow, 1997), and conditioned 
contextual fear expression is suppressed during inhibition of the septum (Reis et al., 2009). As 
contextual fear memory was intact in VHC+CC mice, it is unlikely that the damage in these 
areas due to VHC+CC surgery contributed to deficits in spatial memory. Taken together, these 
data indicate that loss of interhippocampal communication does not completely abolish the 
ability to acquire, store, and retrieve new hippocampal memories (e.g. contextual fear 
memories), but does impair learning and memory involved in spatial recognition and spatial 
navigation.  
Male mice learned the hippocampus-independent visible water maze task more quickly 
than females. Two female mice (one removed from the study due to surgical inaccuracy; one 
removed from spatial water maze analysis) exhibited signs of hypothermia during spatial water 
maze training while no male mice showed such symptoms, indicating that female mice may have 
found the water temperature more noxious than did male mice.  
By the end of visible platform training, female mice fastest escape latencies were similar 
to those of males, indicating that females had acquired procedural learning to the level of males. 
Notably, I found a lack of sex differences across tasks sensitive to hippocampal manipulations. 
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Previous studies that used C57 mice and used similar training protocols to the ones used here 
also found no sex differences in the spatial water maze (Berger-Sweeney et al., 1995), contextual 
fear conditioning (Wiltgen et al., 2001), or elevated plus maze open arm exploration (Tucker & 
McCabe, 2017). 
A number of influential theories have been proposed to characterize the function of the 
hippocampus, and yet it has been difficult to reconcile the dual roles of the hippocampus in 
episodic memory and in spatial navigation (Morris, 2007). Consideration of hemispheric 
lateralization may be a solution to this problem. Consistently, the left hippocampus has been 
found to be dominant in spatial memory acquisition in mice (Shipton et al., 2014), rats (Klur et 
al., 2009), and humans (Spiers et al., 2001), and the right hemisphere is dominant in memory-
guided spatial navigation in rats (Klur et al., 2009) and humans (Maguire et al., 1998; Spiers et 
al., 2001; Howard et al., 2014). One model of bilateral hippocampal function (El-Gaby et al., 
2015) suggests that the left CA3 acquires and stores new memories via its capacity for synaptic 
plasticity (Kohl et al., 2011; Shipton et al., 2014) and that the right CA3 rapidly provides spatial 
representations via stable neural networks that were preconfigured during development. Rapid 
emergence of bilateral CA1 cognitive maps in new environments would be contributed by right 
CA3. These maps could then be modified via spatial learning that engages left CA3, allowing the 
binding of acquired memories and learned associations to these cognitive maps (El-Gaby et al., 
2015). The LAW model of hippocampal lateralization hypothesizes hemispheric specialization 
of spatial associative and working memory in the left and right hippocampi, respectively 
(Chapter 1). The Y-Maze and spatial water maze task used in these experiments are likely to 
depend on both spatial associative memory and working memory. Therefore, if these functions 
are indeed lateralized in the manner I have proposed, it would appear that interhemispheric 
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communication of the systems underlying these functions would need to occur at the level of the 
hippocampus in order for spatial memory to be expressed. Interestingly, conditioned contextual 
fear, a form of associative memory, was unaffected by loss of interhippocampal communication. 
Thus, the data in these experiments appear to support both the lateralized plasticity-stability 
model of the bilateral hippocampus (El-Gaby et al., 2015) and the LAW model (Chapter 1), and 
there does not appear stronger support for one model over the other. 
Our findings of impaired spatial memory, but intact contextual fear memory, following 
VHC transection are consistent with models of bilateral hippocampal function that suggest a 
lateralization of associative memory acquisition and bilateral contributions to spatial memory 
(El-Gaby et al., 2015; Chapter 1), unifying seemingly disparate left and right functions. Thus, 
interhemispheric integration across hippocampi may serve to bind memories to particular 
locations. Accounting for interhemispheric communication and lateralization is critical to 









Hemispheric lateralization is a fundamental organizing principle of nervous systems 
across taxonomic groups with bilateral symmetry. The mammalian hippocampus is lateralized 
anatomically, physiologically, and chemically; however, functional asymmetries are not yet well 
understood. Imaging studies in humans have implicated the left and right hippocampus in 
specialized processing. However, it is not clear if lateralized activity occurs in the rodent 
hippocampus. c-Fos imaging in animals provides a measure of neuronal activity with a resolution 
at the level of single cells. The aim of this study was to determine whether lateralized activity-
dependent c-Fos expression occurs in the rodent hippocampus. To understand functional 
lateralization of hippocampal processing, I compared interhemispheric expression of c-Fos in the 
dentate gyrus (DG), a structure involved in encoding new experiences, in mice that ran on a 
wheel, encoded a novel object, or remained in home cages. I found that wheel running induced 
the greatest amount of DG c-Fos expression in both hemispheres, with no difference between 
hemispheres. Object exploration resulted in left-lateralized DG c-Fos expression, whereas 
control mice were not lateralized. I then sought to determine whether differential consideration 
of hemispheres might influence the conclusions of a study by simulating common cell 
quantification methods. I found that different approaches led to different conclusions. These data 
demonstrate lateralization of neuronal activity in the mouse DG corresponding to the experience 






Lateralization in the brain refers to interhemispheric asymmetry in the presence or 
dominance of a neural substrate (Concha et al., 2012). Many forms of anatomical and 
physiological lateralization in the hippocampus have been well described; however, 
understanding functional hippocampal lateralization has been more elusive. In humans, both 
hippocampal hemispheres are recruited during spatial navigation, although activity in only the 
right hippocampus corresponds to navigation accuracy (Maguire et al., 1998). Conversely, the 
left entorhinal cortex appears to be specialized for object encoding (Bellgowan et al., 2009) and 
the left hippocampus is specialized for object-cued spatial memory (Lee et al., 2016). Spatial 
navigation involves actual or imagined self-motion through a real or virtual environment, 
whereas object memory consists of the processing of externally-originating sensory stimuli; 
invoking a long-held dichotomy in the characteristics of information integrated by the 
hippocampus described in the cognitive map theory (O’Keefe & Nadel, 1978).  
Although direct functional comparisons cannot be made across paradigms, it seems that 
rodents likewise use both hemispheres for spatial memory yet also show hemispheric 
specializations in particular tasks. Spatial memory as tested on the Barnes Maze has been 
reported to be right-lateralized (Shinohara et al., 2012), while long-term spatial memory storage 
on the Y-Maze has been suggested to be left-lateralized (Shipton et al., 2014; El-Gaby et al., 
2016). Interhemispheric asymmetries have also been reported in hippocampal physiology in mice 
(Kohl et al., 2011; Shipton et al., 2014), suggesting lateralization in how information is 
processed, in addition to lateralization in which types of information are processed. Despite these 
data, one of the most crippling obstacles to translational hippocampal research is the widely held 
view that the rodent hippocampus does not exhibit the same inter-hemispheric differences that 
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are seen in humans. Thus, a large majority of rodent hippocampal studies do not consider 
hemisphere. 
Imaging immediate early gene expression (IEG) in animals provides several advantages 
over human imaging, such as single-cell resolution and the ability to examine activity during 
freely moving behaviors; however, no study has compared IEG expression in the left and right 
dorsal hippocampus (see Sakaguchi & Sakurai, 2017, for ventral hippocampal imaging). Further, 
no study has examined lateralization in the dentate gyrus (DG), a structure important for the 
encoding of new hippocampus-dependent memories (Kheirbek et al., 2013). I examined how the 
behaviors of wheel running and exploration of a novel object are associated with IEG expression 
in the left and right dorsal DG. Interestingly, two studies that examined DG IEG expression but 
that differed in respect to treatment of hemispheres during cell quantification arrived at 
conflicting conclusions (Deng et al., 2013; Denny et al., 2014). Therefore, I simulated these and 
other common cell quantification approaches that are indifferent to hemisphere to determine 
whether such approaches may arrive at different conclusions. 
 
Methods 
Animals and housing.   Adult male (n=23) and female (n=22) C57BL6J mice (Jackson 
Labs) were used for these experiments. Mice were separated by sex and group housed (3-4) with 
littermates in standard shoebox plastic caging with bedding on a 12 hr light/dark cycle with free 
access to food and water. 
Behavior.  Group-housed littermates were distributed roughly evenly across three 
treatment groups: 1) wheel running (WR, n= 5 males, 5 females), 2) exploration of a novel object 
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in the home cage (OB, n= 6 males, 5 females), and 3) control home cage (CON, n= 9 males, 9 
females).  I sought to emphasize the relative salience of internally-generated motor information 
versus externally-originating environmental cues by training and testing the WR group in the 
dark to reduce visual input. In contrast, the OB mice were exposed to novel objects in the light. 
CON animals were housed in the dark for 24 hrs prior to sacrifice. In a follow-up experiment to 
test the effect of the difference in lighting between WR and OB groups, I determined c-Fos 
expression in a group that similarly experienced a novel object but did so in the dark (OB-D, n=3 
males, 3 females).  
Behavioral training and testing were conducted in a small, dedicated behavior room. WR 
mice were trained to run on a wheel 24 hours prior to testing. For training, WR mice were 
individually brought to the behavior room in their home cage and within a few minutes placed in 
a cage identical to that of their home cage except containing a wheel. They were permitted 2 
hours of housing in the wheel-cage, during which time they all ran to varying extents. They were 
then transferred to their home cage and dark housed in the behavior room overnight. The next 
day, WR mice were transferred from their home cage to the wheel-running cage, allowed 30 
minutes of running, then transferred back to their home cage in the behavior room. Sixty-five 
minutes later, they were brought to a perfusion room and sacrificed. The entire procedure prior to 
transportation to the perfusion room (25 hr 35 min) was conducted in the dark.   
OB mice were transported individually in their home cage to the behavior room and 
housed in the dark for 24 hours.  The following day, the room light was turned on and a novel 
object (small PVC pipe) was placed in their home cage. After 30 minutes of exposure, the object 
was removed and the room light turned off. They remained in the dark for 65 minutes and then 
were transported to a perfusion room and sacrificed.  
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CON mice were transported individually in their home cages to the behavior room and 
housed undisturbed for 25 hr 35 min, time-matched to the behavioral experiments of the WR and 
OB groups. They were then transported to a perfusion room and sacrificed. Individual times 
spent wheel running and exploring the object were not quantified.  
To determine whether the behavior room light contributed to differences in c-Fos 
expression between WR and OB groups, I repeated the object exploration treatment in an OB-D 
group in which the behavior room was dark throughout the experiment. Immunohistochemistry 
and c-Fos quantification of DG c-Fos expression for the OB-D mice was conducted separately 
from the first three groups and therefore was not included in the analysis of DG c-Fos+ cell 
densities across the other behavioral conditions. 
Immunohistochemistry.  Seventy-five minutes following the end of behavior, mice were 
deeply anesthetized with 0.2 mL of Euthasol (Virbac) and perfused intracardially with 0.1 M 
phosphate buffered saline (PBS) and 4% paraformaldehyde in PBS. The brain was bisected and 
the dorsal hippocampus was coronally sectioned at 18 µm (two CON brains and one OB brain 
were cut at 30 µm) one hemisphere at a time. Cutting order of hemisphere was 
pseudorandomized. The brains of mice that explored an object in the dark were not bisected. 
Instead, one hemisphere was marked by removing a segment of ventral neocortex. Marked 
hemispheres were pseudorandomized. For all brains, every third section was mounted directly 
onto positively charged microscope slides with a random orientation in both axes such that 




Tissue from WR, OB, and CON was processed together and distributed equally across 
immunohistochemistry batches.  The OB-D group was processed separately. Frozen sections 
were rinsed once in 0.1 M PBS for 10 minutes. A block containing 10% donkey serum and 3% 
Triton-X in phosphate buffer (PB) was applied for 30 minutes, followed by a 48-hour incubation 
in anti-c-Fos made in rabbit (Millipore, ABE457, 1:1000) in block. Sections were then rinsed in 
0.1 M PBS three times for 10 min each and then incubated with Cy3-conjugated donkey anti-
rabbit for 2 hours (Millipore, AP182C, 1:200) in block or PB/S). Sections were rinsed in 0.1 M 
PBS three times for 10 min each before a serial dehydration in ethanols followed by immersion 
in xylene and cover slipping with Krystalon (Harleco).  
Cell quantification.  Microscopy was conducted blind to hemisphere for all mice.  
Microscopy was conducted blind to treatment for groups WR, OB, CON, but aware of treatment 
for OB-D as this group was processed independently after the others. The DG was traced under 
4x magnification using Neurolucida software (Microbrightfield) coupled to an Olympus BX51 
microscope. Cy3-labeled cells within the DG were counted under 60x magnification using a 
rhodamine filter. For brains sectioned at 18 µm, 3-5 sections (54-90 µm) were quantified per 
hemisphere per mouse; for brains sectioned at 30 µm, 2-4 sections (60-120 µm) were quantified 
per hemisphere per mouse. Amount of tissue sampled did not correlate with c-Fos+ cell counts. 
Densities of c-Fos expression within hemispheres were calculated by determining the number of 
c-Fos+ cells within the DG boundary divided by the volume sampled. I analyzed tissue 
comparing left and right c-Fos expression across groups to determine whether c-Fos expression 
was lateralized, and if so, whether it changed with experience.   
Because the amount of c-Fos expression may vary more widely among individuals than 
between hemispheres, I also calculated a lateralization index (LI), which shows hemispheric 
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asymmetry normalized by the total number of c-Fos+ cells in each animal, and compared LI 
values across groups. Positive values indicate more c-Fos+ cells in the left hemisphere relative to 
the right and negative values indicate more c-Fos+ cells in the right hemisphere. 
 
LI  =  Left Hemisphere c-Fos+ cells/mm³ - Right Hemisphere c-Fos+ cells/mm³ 
Left + Right c-Fos+ cells/mm3 
 
In the course of this work, I found that hemisphere use varies greatly in the literature and 
I became interested in the potential effect of hemisphere selection on the outcome of 
hippocampal studies more broadly. Therefore, I compared c-Fos expression across treatment 
groups using the left hemisphere only, the right hemisphere only, and both hemispheres 
combined to determine whether hemisphere use affected the results.  
I further simulated commonly used cell quantification methods that ignore possible 
hemispheric asymmetries, by conducting three additional computations. To model experiments 
that look at expression unilaterally, I compared cell counts across treatments using primarily one 
hemisphere and occasionally the other, mimicking occasions of tissue loss. I then modeled 
experiments that quantify cells unilaterally, but do not prefer one hemisphere or another. To do 
this, I performed 1,000 simulations for each of the three conditions in which: 1) 80% of 
quantifications were taken from the left hemisphere and 20% were taken from the right; 2) 20% 
of quantifications were taken from the left hemisphere and 80% were taken from the right and 3) 
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50% of quantifications were taken from the left hemisphere and 50% were taken from the right 
hemisphere. All draws were random, with replacement, using R programming software. 
Statistical Analysis.  To compare bilateral DG c-Fos expression between sexes and across 
behavioral groups, I used a two-way ANOVA. A post-hoc power analysis was performed on 
each group to determine the sample size needed to reach a power level of 0.8 at a confidence 
level of 0.05. Because the sample sizes in this study are too low to detect potential sex 
differences, males and females were combined for all subsequent analyses.  After combining 
sexes, I used a two-way mixed-model ANOVA with Tukey’s post-hoc test to compare c-Fos in 
the left and right hemisphere (repeated measure) between treatments. The OB-D group could not 
be included as the tissue was processed independently from that of the other treatments, and 
therefore a paired t-test was used to determine hemisphere differences in the OB-D group. I used 
a one-way ANOVA to determine whether lateralization indices differed across treatments. This 
was followed by a Dunnett’s multiple comparisons post-hoc test comparing the lateralization 
index of each behavioral treatment to that of CON mice only.  
In order to determine how conclusions of this experiment could be affected by ignoring 
hemisphere during quantification (as is common practice) I used one-way ANOVAs and Tukey’s 
post-hoc tests to compare c-Fos expression across treatment groups using data from a single 
hemisphere, both hemispheres combined, and random combinations of hemispheres in 80:20, 







There were no sex differences in c-Fos expression.  To determine whether c-Fos 
expression differed in males and females, I compared bilateral DG c-Fos expression across 
behavioral groups and between sexes. Behavioral condition had a significant effect on expression 
(F(2,33) = 26.12, p < 0.0001). There was no effect of sex on expression (F(1,33) = 0.616, p = 
0.438) and there was no interaction between behavior and sex (F(2,33) = 0.289, p = 0.751). 
However, it is possible that sex differences were not detected due to low sample sizes. I 
performed a power analysis on each behavioral group to detect sample sizes needed to reach a 
power level of 0.8 at a confidence level of 0.05 and found this would require a total of 85 mice in 
the CON group, 9,812 mice in the WR group and 46 mice in the OB group. Thus, I combined 
males and females for all subsequent analyses. 
c-Fos expression was lateralized in OB mice.  My first goal was to determine whether 
activity, measured by c-Fos expression, was lateralized between hemispheres within each of the 
behavioral contexts. I found that within CON or WR mice, numbers of c-Fos expressing cells did 
not differ between hemisphere (CON: t(17) = -1.539, p = 0.142; WR: t(9) = 0.086, p = 0.934). 
However, there were significantly more c-Fos expressing cells in the left than in the right 
hemisphere within the OB group (t(10) = 2.681, p = 0.023). 
Object exploration, but not wheel running, lateralized DG c-Fos expression to the left 
hemisphere.  I was also interested in whether there were hemispheric differences in c-Fos 
expression after engaging in wheel running or exposure to a novel object compared to the 
context of standard-housing. I found a main effect of behavioral condition (F(2,36) = 27.39; p < 
0.0001) but not of hemisphere (F(1,36) = 0.282; p = 0.599). There was an interaction between 
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these two factors (F(2,36) = 3.357; p = 0.040, Figure 3.1a). Post-hoc analyses revealed that c-Fos 
expression in the left hemisphere of OB and WR mice differed from that of CON mice (OB vs. 
CON: p = 0.014; WR vs. CON: p < 0.0001, Tukey’s HSD) and left hemispheres in OB and WR 
mice differed from each other (OB vs. WR: p = 0.0003, Tukey’s HSD, Figure 3.1a). Across right 
hemispheres, WR mice had greater expression than either CON or OB mice (WR vs. CON: p < 
0.0001; WR vs. OB: p < 0.0001, Tukey’s HSD). However, unlike in the left hemisphere, right 
hemisphere expression of c-Fos did not differ between OB and CON mice (p = 0.418, Tukey’s 
HSD, Figure 3.1a).  
To determine whether room lighting contributed to the lateralization of DG c-Fos 
expression in OB mice, I examined DG c-Fos expression in OB-D mice, which underwent the 
same behavioral treatment as OB mice, but in the dark (as were CON and WR mice). Like the 
OB group, OB-D mice had significantly higher DG c-Fos expression in the left as compared to 
the right hemisphere (t(5) = 6.401, p = 0.001, Figure 3.1b).  Overall levels were lower in OB-D 
than in the other groups; however, I could not determine whether this was due to the treatment or 
differences in tissue processing as these mice were processed separately from the other groups.  
Finally, I used a lateralization index to compare relative c-Fos expression across 
hemispheres normalized to individual expression levels.  I found a significant difference in the 
lateralization index across treatment groups (F(3) = 4.611, p = 0.007, Figure 3.1c). Post-hoc 
comparisons indicated that the lateralization indices of OB-D and OB mice differed significantly 
from that of CON mice and there was no difference between WR and the CON group (CON vs. 
OB: p = 0.006; CON vs. OB-D: p = 0.006; CON vs. WR: p = 0.678). 
56 
 
Widely-used cell quantification methods produced different results.  A majority of 
hippocampal cell quantification studies do not account for potential hemispheric asymmetries 
and either pool hemispheres, reporting total cells across hemispheres, or only use one 
hemisphere. In the latter case, the hemisphere used may be consistent (i.e. the left or the right 
hemisphere is quantified for each animal) or it may not be identified (cell counts may include the 
left hemisphere of some subjects and the right hemisphere from others, or cell counts may 
include mixed hemispheres from some or all subjects).  
To address potential differences in outcomes corresponding to hemisphere selection, I 
first performed one-way ANOVAs on c-Fos expression in each hemisphere individually. When 
including only the left hemisphere in this analysis, I found an effect of behavioral condition on 
DG c-Fos expression (F(2,36) = 25.37, p < 0.0001, one-way ANOVA). Post-hoc tests revealed 
significant differences among all three behavioral groups (OB vs. CON: Q = 3.96, p = 0.022; 
WR vs. CON: Q = 10.07, p < 0.01; OB vs. WR: Q = 5.62, p < 0.01, Tukey’s HSD, Figure 3.2a). 
When including only the right hemisphere in my analysis, I again found an effect of behavioral 
condition on DG c-Fos expression (F(2,36) = 24.91, p < 0.0001). In this analysis, WR mice had 
higher c-Fos expression than both CON (Q = 9.80, p < 0.01, Tukey’s HSD) and OB mice (Q = 
7.22, p < 0.01, Tukey’s HSD), however, there was no difference between OB and CON mice (Q 
= 1.85, p = 0.400, Tukey’s HSD, Figure 3.2b). 
I then analyzed DG c-Fos expression bilaterally. For each mouse, I summed cell counts 
across hemispheres and divided by the summed volume sampled in both hemispheres, producing 
a measure of bilateral c-Fos density. This analysis yielded an effect of behavioral condition on 
bilateral DG c-Fos expression (F(2,36) = 27.49, p < 0.0001). Post-hoc analysis revealed 
significantly greater expression in WR mice compared to CON (Q = 10.45, p < 0.01, Tukey’s 
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HSD Figure 3.2c) and OB mice (Q = 6.73, p < 0.01, Tukey’s HSD Figure 3.2c). There was a 
trend toward a significant difference in expression in OB and CON mice (Q = 3.09, p = 0.088, 
Tukey’s HSD, Figure 3.2c). 
Next, I simulated experiments in which the same hemisphere was not consistently 
quantified for each animal in a group. The results of these simulations did not differ in the 
outcome of the ANOVAs; all showed a significant main effect of treatment (p < 0.05) and no 
effect of hemisphere. They also all resulted in significant pairwise comparisons between the WR 
group and both CON and OB (Tukey’s post-hoc tests). However, the outcomes did vary in 
whether the post-hoc tests determined that the means of OB and CON groups differed. In the 
first simulation, I used values of c-Fos expression in the left hemisphere in 80% of the animals, 
and c-Fos expression in the right hemisphere in the remaining 20% of the animals within each 
treatment. In 601 out of 1,000 simulations, a post-hoc test between OB and CON mice produced 
p < 0.05 (Figure 3.2d). I then simulated experiments with the reverse ratio in which c-Fos 
expression in the left hemisphere was used in 20% of the animals, and expression in the right 
hemisphere was used in the remaining 80% of animals. Strikingly, in only one out of 1,000 of 
these simulations was a significant difference detected between OB and CON mice (Figure 3.2e). 
Finally, I simulated experiments in which I used 50% of my c-Fos values from the left and 50% 
of my c-Fos values from the right hemispheres. In 92 of 1,000 simulations there was a significant 







I quantified neuronal activity-related c-Fos expression in the left and right DG following 
wheel running, object exploration, and home cage housing. Wheel running in the dark 
upregulated c-Fos expression bilaterally and showed no hemispheric asymmetry. Interestingly, 
exploration of a novel object with the room lights on upregulated c-Fos expression in the left, but 
not the right hemisphere compared with controls housed in the dark. With the room lights off, 
mice similarly exposed to an object showed lower DG c-Fos expression than the controls, 
however, the tissue for the OB-D mice was processed and expression quantified separately (and 
using a primary antibody from a different lot), and thus, I cannot directly compare expression 
levels of this group across treatments. More importantly for my objectives, object exploration in 
either the light or dark resulted in left-dominant DG c-Fos expression compared to controls.   
Although the rodent hippocampus has generally been considered to be functionally 
symmetric, accumulating evidence suggests that there are indeed rodent hippocampal functional 
asymmetries (see El-Gaby et al., 2015, for review). The assumed lack of hemispheric 
specialization in rodents has in part been based on substantial interhemispheric connectivity 
between the two hippocampi as subfields send both ipsi- and contralateral projections.  In 
contrast, it is widely believed that humans have only ipsilateral projections from CA3 to CA1 
(Wilson et al., 1987). Although the presence of bilateral projections in humans has been argued 
for (Phelps et al., 1991; Gloor et al., 1993; Rosenzweig et al., 2011), this position has not been 
widely adopted (Amaral & Lavenex, 2007). Rather, it has been suggested that in humans and 
other primates, hemispheric isolation due to the absence of interhippocampal pathways has 
resulted in a higher degree of hemispheric processing specialization than in other mammals 
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(Zaidel, 1995). However, the anatomy of inter-hemispheric projections need not require or 
predict functional asymmetry.   
A recent study showed that sharp-wave ripples in the rat hippocampus, thought to 
function in memory consolidation, have coordinated activity within either, but not across, 
hemispheres (Villalobos et al., 2017). This suggests that even though information may be shared 
across hemispheres in rodents, cell assemblies corresponding to a particular experience may be 
intrahemispheric and their information consolidated in isolation to each other. This is consistent 
with other work indicating that spatial memory may be lateralized to one hemisphere or the other 
(rats: Klur et al., 2009; mice: Shinohara et al., 2012, Shipton et al., 2014, El-Gaby et al., 2016; 
humans: Spiers et al., 2001). Further, neurophysiological studies in mice have identified 
lateralization in some of the key neural substrates, such as LTP and NMDA receptor subunits, 
thought to underlie hippocampal function (Kawakami et al., 2003; Shinohara et al., 2013; Kohl et 
al., 2011; Shipton et al., 2014; Benito et al., 2016). Taken together, this suggests that despite 
potential differences in direct interhemispheric communications between humans and rodents, 
hippocampal hemispheric specialization may be a shared property.  
It is not yet clear whether rodent and human hippocampal lateralization show the same 
patterns of functional division of labor. In humans, a role of the right hippocampus in allocentric 
spatial navigation has been widely documented (Maguire et al., 1998; Spiers et al., 2001; 
Burgess et al., 2002; Iaria et al., 2003; Igloi et al., 2010) whereas a clear understanding of left 
hippocampus processing remains more elusive. The role of the left side has been suggested to 
relate to the transfer of recently formed memories to long term storage (in rats: Klur et al., 2009) 
or function in autobiographical memory formation (in humans, Maguire & Frith, 2003). More 
recently, the left hippocampal formation in humans has been shown to be preferentially active 
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during an object recognition task (Bellgowan et a., 2009; Lee et al., 2016) whereas the right 
hippocampus showed greater response in a place task (Lee et al., 2016). It is intriguing that I 
found similar left side preference for object processing in mice, suggesting perhaps greater 
functional parallels between humans and rodents than has been recognized. However, it is 
important to note that I do not know whether the lateralization evoked by the OB exposure is 
specific to this experience with the object or whether it reflects a more general processing 
function of the hippocampus. Additional behavioral tasks would help clarify this issue. 
In addition, I found that the use of common cell quantification methods resulted in 
different conclusions regarding the effects of experience on neuronal activity in the rodent 
hippocampus. In this context, it is intriguing that two similar studies examining IEG expression 
in the rodent DG arrived at contradictory conclusions. Deng et al. (2013) found that re-exposure 
to a fear-conditioned context did not reactivate DG neurons that were active during the 
conditioning trial. However, Denny et al., (2014) found that re-exposure to a fear-conditioned 
context in a similar task paradigm did in fact reactivate the same population of neurons that were 
active during initial encoding. The two studies used different genetic mouse models, which may 
have contributed to their differing results. However, the two reports also differed in their 
approaches to cell quantification with respect to hemisphere. Deng et al. (2013) quantified 
unilaterally, primarily using the right hemisphere for all mice, but on occasion using the left 
hemisphere if the right was damaged (personal communication). When primarily using the right 
hemisphere, this data set led to the finding that DG c-Fos expression was not different between 
OB and CON mice, while primarily using the left hemisphere lead to the finding that DG c-Fos 
expression was indeed significantly different between the same groups. Denny et al. (2014) 
pooled hemispheres and quantified bilaterally (personal communication). This led to a trend 
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(P=0.088) when comparing OB and CON DG c-Fos expression. Thus, considering hemispheric 
differences in rodent models may potentially resolve discrepancies in reported findings.  
Moreover, considering hemisphere may in addition provide critical insight into the mechanisms 





Chapter 4: Dynamic Lateralization of Adult Hippocampal Neurogenesis 
 
Abstract 
Synaptic plasticity of the Schaffer-collateral pathway between area CA3 and area CA1 is 
left-lateralized in mice. However, it is not clear if lateralized plasticity exists in other 
hippocampal substrates. The dentate gyrus (DG), upstream of area CA3, is a site of adult 
neurogenesis, which confers plasticity on hippocampal circuitry. To determine whether DG adult 
neurogenesis is lateralized, I compared numbers of new neurons in the left and right DG and 
found more new neurons in the left DG than in the right. This lateralization was seen in a 
laminar-dependent manner, as most new neurons were located within the first cell layer of the 
granule cell layer of both hemispheres and it was these neurons that drove the asymmetry. 
Interestingly, lateralization of new neurons in this first cell layer is plastic, as object exploration 
during the new neuron critical period enhanced new neuron survival in the right hemisphere 
only. Similarly, movement to a new location and context discrimination learning that took place 
one week, but not 3 weeks post mitosis (wpm), right-lateralized neurogenesis. These data suggest 
that the factors influencing neurogenesis and/or new neuron survival differ across hemispheres 
and that new neuron lateralization itself may be a plastic process. 
 
Introduction 
The dentate gyrus (DG) is one of the few areas in the adult mammalian brain where new 
neurons are born throughout the lifespan (Altman & Das, 1965; Cameron et al., 1993). New 
hippocampal neurons, most of which typically die off (Kempermann et al., 2003), can be rescued 
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by certain types of learning if such learning occurs when new neurons are one to two weeks old 
(Gould et al., 1999; Anderson et al., 2011; Curlik et al., 2013). Four to six weeks after mitosis, 
new neurons are highly plastic compared to older DG granule cells (Snyder et al., 2001; 
Schmidt-Hieber et al., 2004; Saxe et al., 2006; Gu et al., 2012) and offer unique contributions to 
hippocampal memory function (Drew et al., 2010; Denny et al., 2012; Gu et al., 2012). Recent 
studies reveal a hemispheric lateralization of synaptic plasticity and memory (Kohl et al., 2011; 
Shipton et al., 2014); however, no studies have reported whether adult hippocampal neurogenesis 
shows hemispheric asymmetries. 
Lateralization of the cerebral hemispheres is thought to be important for learning and 
memory across phyla (in humans: O’Keefe et al., 1998; in rodents: El-Gaby et al., 2015; for 
review across phyla: Rogers & Vallortigara, 2015). Previous studies have shown a left-
lateralization of synaptic plasticity at hippocampal Schaffer-collateral synapses (Kohl et al., 
2011; Shipton et al., 2014). One remaining question is whether lateralized synaptic plasticity 
extends to other substrates in the hippocampal formation, such as in the DG. It has not been 
reported whether adult hippocampal neurogenesis is lateralized although some evidence has 
indicated that this may be the case. Bilateral radiation exposure, which can arrest neurogenesis, 
has a greater effect on the left hemisphere in humans (Loganovsky & Yuryev, 2004). This led to 
the suggestion that adult hippocampal neurogenesis may be left-lateralized in humans 
(Loganovsky & Loganovskaja, 2013). Adult neurogenesis is left-lateralized in the songbird 
caudomedial nidopallium, a region involved in auditory memory (Tsoi et al., 2014).  
Interestingly, the hippocampus lateralization can be modulated by experience, as 
evidenced by enhanced LTP and gamma power in right, but not left CA1 of adult rats that were 
exposed to novel environments during neonatal development (Tang et al., 2008; Shinohara et al., 
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2013). Experience-dependent gamma enhancement in right CA1 was not seen until 4 weeks after 
novelty exposure (Shinohara et al., 2013), the age at which newly generated DG granule cells are 
highly plastic (Snyder et al., 2001; Schmidt-Hieber et al., 2004; Saxe et al., 2006; Gu et al., 
2012) and make a unique contribution to hippocampus-dependent memory processing (Saxe et 
al., 2006; Drew et al., 2010; Denny et al., 2012; Gu et al., 2012).  
I sought to answer two questions: 1) Is adult hippocampal neurogenesis lateralized? and 
2) Does experience asymmetrically modulate adult hippocampal neurogenesis across 
hemispheres? Based on studies showing left-lateralized hippocampal synaptic plasticity (Kohl et 
al., 2011; Shipton et al., 2014), I hypothesized that adult hippocampal neurogenesis would be 
left-lateralized. New between the ages of 4 and 6 weeks old (Denny et al., 2012; Gu et al., 2012; 
Danielson et al., 2016). Therefore, I examined densities and spatial distributions of new neurons 
4-6 weeks old, an age at which new hippocampal neurons offer unique contributions to 
hippocampal memory functions (Drew et al., 2010; Denny et al., 2012; Gu et al., 2012) in adult 
male and female mice under a variety of conditions.  
 
Methods 
Animals. Adult male and female C57BL6J (Jackson Labs, Bar Harbor, ME, USA) and 
CD-1 (Charles River Laboratories, Wilmington, MA, USA) mice were used in this study. Mice 
were separated by sex and were group housed (3-4) with littermates in standard shoebox plastic 
caging with bedding on a 12 hr light/dark cycle with free access to food and water. Mice were 
2.5-8 months old at the time of BrdU injections. 
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BrdU injections. Mice were injected with BrdU (Sigma) dissolved in tris-buffered saline 
at a dose of 50 mg/kg twice per day for four days with a minimum of 8 hours in between 
injections. Prior to BrdU injections, mice were maintained in standard housing and were 
undisturbed with the exception of regular cage changes for a minimum of 6 weeks.  
Experimental design. Experiment #1: To determine if baseline levels of adult 
hippocampal neurogenesis is lateralized, I performed BrdU injections in adult male C57BL6J 
mice (n=7). Mice were left undisturbed in their home cage under standard housing conditions, 
including regular cage changing. Six weeks after the first injection, when BrdU-labeled new 
neurons were 5.5-6 weeks of age, mice were sacrificed and brains were processed for 
immunohistochemistry.  
Experiment #2: To determine if experience with a novel object alters new neurons across 
hemispheres, adult male and female C57BL6J and CD-1 mice were divided into two behavioral 
groups: 1) Novel Object Exploration (OB; n = 6 male, 6 female C57BL6J mice; n = 7 male, 3 
female CD-1 mice); and 2) Standard-housed controls (SH; n = 6 male, 6 female C57BL6J mice; 
n = 4 male, 5 female CD-1 mice). Littermates were distributed among groups to control for inter-
litter variation. Beginning one week after the first BrdU injection (i.e. 1 week post mitosis, 
“wpm”), OB mice were given a novel object in their home cage every day for one week, which 
they were allowed to explore for 24 hours before the object was removed and replaced with 
another object. After the seventh object was removed, no additional object was given. Objects 
included a small PVC pipe, a plastic conical tube, a wooden stick (about one third the size of the 
animal), a wooden cube, a plastic bottle top, a plastic spoon, and a grooved plastic stick. SH mice 
were left undisturbed in standard housing until sacrifice. Four weeks after the first injection and 
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3 weeks after the last object experience, when BrdU-labeled new neurons were 3.5-4 weeks of 
age, mice were sacrificed and brains were extracted for tissue processing. 
Experiment #3: To determine if associative learning alters new neurons across 
hemispheres, I trained male and female C57BL6J mice (n = 20 males, 19 females) on a 
contextual discrimination task similar to that described by Kheirbek et al. (2012) and compared 
new neurons in these groups with those of non-trained controls. At one 1 or 3 wpm, mice were 
trained on a seven-day discrimination protocol. Before each training session, mice were 
transported to the behavior room and were allowed a minimum of 20 minutes to acclimate. On 
day 0, mice were placed in a fear conditioning chamber (Med Associates, Fairfax, VT, USA) and 
allowed to explore freely for 180 sec, after which they received a foot shock (0.75 mA, 2 sec) 
through the grid floor. Mice remained in the chamber for 15 sec, for a total time of 3 min and 17 
sec. On days 1-6, mice were re-exposed to the training Context A where they again received a 
foot shock, and were also exposed to a novel, but highly similar Context B with no foot shock. 
Exposures to Context B also lasted 3 min and 17 sec. On a given day, exposures to A and B were 
separated by three hours. The order of context exposure was alternated across days. Context A 
consisted of a fear conditioning chamber with two aluminum walls, a white plastic wall, and a 
clear plastic door. The chamber light and house fan were on. Context A was cleaned with 70% 
ethanol before each session. Context B consisted of the same fear conditioning chamber, 
however the light and house fan were turned off, the cubicle door was left open, and the chamber 
was cleaned with lemon-scented wipes before each session. Freezing behavior was scored 
manually during the first three minutes of each session by an experimenter blind to training day. 
Two groups of littermate control mice were also injected with BrdU and transported to the 
behavior room at the same times as the mice undergoing discrimination learning beginning at 
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either 1 or 3 weeks after the first injection. Control mice were left in their home cages with other 
control cagemates while experimental mice were trained.  Littermates were distributed among 
trained and untrained groups to control for inter-litter variation. Four weeks after the first 
injection, when BrdU-labeled new neurons were 3.5-4 weeks of age, mice were sacrificed and 
brains were extracted for tissue processing.   
Tissue processing and immunohistochemistry.  Mice were deeply anesthetized and 
perfused with ice cold PBS followed by 4% paraformaldehyde (PFA). For the first experiment, 
brains were post-fixed in PFA for one hour and then serially dehydrated and embedded in 
polyethylene glycol and sectioned coronally at 6 μm as described previously (Tsoi et al., 2014). 
For the second and third experiments, brains were post-fixed for 24-48 hours in PFA and 
cryoprotected in 30% sucrose. Coronal sections were made at 18 μm. Immunohistochemistry for 
BrdU and NeuN, a neuronal marker, was performed as described previously (Tsoi et al., 2014). 
For antigen retrieval, slides were immersed in citrate buffer (90-95⁰ C) for 10 minutes and rinsed 
in warm PB, immersed in a 2.5% pepsin HCl solution at 37⁰ C for 3 minutes and then rinsed in 
PB. Block (3% donkey serum, 0.5% Triton-X) was applied for 1 hour before a 24-hour 
incubation with sheep primary anti-BrdU (Capralogics). Sections were rinsed in PB, incubated in 
secondary donkey anti-sheep IgG (Abcam) for 24 hours, rinsed in PB, and incubated in 
streptavidin-conjugated Alexa 488 (Molecular Probes) for 24 hours. Sections were then rinsed in 
PB, incubated in block (10% donkey serum, 0.3% Triton-X) for 1 hour, and then incubated in 
mouse primary anti-NeuN (Millipore) for 24 hours followed PB rinses and incubation by donkey 
anti-mouse IgG conjugated to Cy3 (Jackson Immuno Research) for 1 hour. Tissue was rinsed in 
PB, dehydrated in ethanols, cleared in xylenes and then cover-slipped using Krystalon. All PB 
rinses were done 3 times for 5 minutes each. 
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Cell quantification.  The area of the granule cell layer (GCL) and the perimeter of the 
subgranular zone (SGZ) were obtained using Neurolucida software (MBF Bioscience). 
BrdU+/NeuN+ new neurons were counted under 60x magnification using an Olympus BX51 
microscope. Adult-born neurons were classified as subgranular if they were within the first cell 
layer of the GCL, otherwise they were classified as granular. Total new neuron density was 
quantified by dividing all subgranular and granular new neurons by the area of the GCL. SGZ 
new neuron density was quantified by dividing the number of subgranular neurons by the 
perimeter of the SGZ. The percentage of new neurons residing the SGZ (%SGZ) was calculated 
by dividing SGZ new neurons by the total number of new neurons and multiplying by 100. 
Densities and percentages of non-SGZ new neurons (migrated deeper than the first cell layer) 
was not computed due to low cell counts. Because new neuron survival may vary more widely 
among individuals than between hemispheres, I also calculated a lateralization index (LI), which 
shows hemispheric asymmetry normalized by the overall number of new neurons in each animal 
and compared LI values across groups. Positive values indicate more new neurons in the left 
hemisphere relative to the right and negative values indicate more new neurons in the right 
hemisphere. 
 
LI  =  Left Hemisphere New Neuron Density - Right Hemisphere New Neuron Density 
Left + Right New Neuron Density 
 
Statistical analyses.  Across experiments, I included sex as a factor possibly contributing 
to my results (in addition to other factors as noted below). As I used relatively small sample sizes 
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for each sex (n = 4-7 males or females within each treatment group), I then combined sexes, in 
the event that there was no effect of sex, to reduce the likelihood of a Type I error. 
Experiment #1: Paired t-tests were used to compare new neuron densities and neuron 
percentages across hemispheres. All t-tests were two-tailed. 
Experiment #2: Two-way mixed model ANOVAs were used to compare left and right 
new neuron densities and percentages in male and female standard-housed mice. Three-way 
mixed model ANOVAs were used to compare new neuron densities within either strain and 
percentages across sex, treatment groups (OB and SH), and hemispheres (repeating factor). 
Sexes were then combined and new neuron densities and percentages were compared across 
treatment groups and hemispheres (repeating factor). Posthoc tests were used to compare 
densities of SGZ new neurons within either the left or right hemisphere independently within 
treatment groups or to compare densities of SGZ new neurons within hemispheres across 
treatment groups. Post hoc analysis was done using Bonferroni’s multiple comparison test. 
Lateralization indices for total and SGZ new neuron densities were compared within strains 
across sexes and treatment groups using a two-way ANOVA. Lateralization indices were also 
compared across strains, sexes, and treatment groups using a three-way ANOVA. Sexes were 
then combined and lateralization indices were compared across strains and treatments. 
Experiment #3: A three-way mixed ANOVA was used to determine the effects of sex, 
context (repeating measure), and training day (repeating measure) on freezing during context 
discrimination training. Followed by Tukey’s HSD. Two-way repeated measures ANOVAs were 
run to determine the effects of context and training day on freezing during context discrimination 
learning across all mice or within new neuron age groups (1 wpm or 3 wpm). Three-way mixed 
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model ANOVAs were used to compare new neuron densities and percentages within either 
neuron age group across sex, treatment groups (trained or untrained), and hemispheres (repeating 
factor). Sexes were then combined and new neuron densities and percentages were compared 
across treatment groups and hemispheres (repeating factor). Lateralization indices for total and 
SGZ new neuron densities were compared within neuron age groups (1 wpm or 3 wpm) across 
sexes and treatment groups using a two-way ANOVA. Lateralization indices were also compared 
across new neuron age groups, sexes, and treatment groups using a three-way ANOVA. Sexes 




Experiment #1: Lateralization and spatial distribution of adult-born hippocampal 
neurons.  I first examined lateralization of new neurons aged 5.5-6 weeks in adult male C57-Bl6 
mice (n = 7) under standard housing conditions (Figure 4.1a). Total new neuron density in the 
GCL was greater in the left than in the right DG in control mice kept in standard housing (t(6) = 
3.380, p = 0.015; Figure 4.1b). A majority (69.8%) of all new neurons were found within the first 
cell layer of the GCL, bordering on the SGZ (from now on referred to as SGZ new neurons). 
SGZ new neuron density as a function of the length of the SGZ was also shown to be left-
lateralized (t(6) = 3.600, p = 0.011; Figure 4.1c). Unexpectedly, I found that the percentage of 
SGZ new neurons relative to the total number of new neurons within a hemisphere (%SGZ) was 
greater in the left than in the right hemisphere (t(6) = 2.447, p = 0.037; Figure 4.1d). This 
suggests that migration of new neurons or dynamics of proliferation and turnover may also differ 
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across hemispheres. For example, more new neurons may be proliferating and/or remaining in 
the SGZ in the left hemisphere (at 5.5-6 wpm) than in the right.  Alternatively, (or in addition) 
more new neurons in the SGZ may die off by 5.5-6 weeks in the right hemisphere.  
Experiment #2: Modulation of lateralization and spatial distribution of new neurons by 
object exploration in male and female A) C57-Bl6 mice B) CD-1 mice. 
A. C57BL6J mice 
Standard housing conditions. I first examined lateralization of new neurons aged 3.5-4 
weeks in adult male (n = 6) and female (n = 6) C57BL6J mice under standard housing 
conditions.  
Unlike Experiment 1, there was only a trend towards an effect of hemisphere on total new 
neuron density (F(1,10) = 4.892, p = 0.051) and there was no effect of sex (F(1,10) = 0.253, p = 
0.626) and no interaction (F(1,10) = 0.001, p = 0.975; data not shown). Densities of SGZ new 
neurons were higher in the left DG than in the right (F(1,10) = 8.606, p = 0.015), there was no 
effect of sex (F(1,10) = 0.436, p = 0.524) and there was no interaction (F(1,10) = 0.007, p = 
0.935; Figure 4.2a). I then examined %SGZ (n = 5 males, 6 females; one male was removed 
from this and subsequent analyses due to an undefined %SGZ). As in Experiment 1, %SGZ was 
greater in the left DG than in the right (F(1,9) = 12.70, p = 0.006) and, interestingly, was higher 
overall in females than in males (F(1,9) = 6.096, p = 0.036) with no interaction between these 
factors (F(1,9) = 0.047, p = 0.834; Figure 4.2b). 
Treatment effects on total new neuron density. To determine whether experience during 
the new neuron maturation period of approximately 1-2 wpm (Gould et al., 1999) differentially 
affected new neuron survival across hemispheres, I compared new neuron densities in SH mice 
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(described above) to a simultaneously run cohort of OB mice (n = 6 males, 6 females) that 
explored a novel object in their home cage, which varied daily for 1 week (Figure 4.3a). There 
was no effect of sex (F(1,20) = 0.064, p = 0.803), hemisphere (F(1,20) =  0.794, p = 0.384), or 
treatment (SH vs OB) on total new neuron density (F(1,20) = 0.287, p = 0.598). Sex did not 
interact with hemisphere (F(1,20) = 0.221, p = 0.644) or with housing (F(1,20) = 0.239, p = 
0.631).  However, there was an interaction between hemisphere and housing (F(1,20) = 6.286, p 
= 0.021). There was no interaction between all three factors (F(1,20) = 0.176, p = 0.679; data not 
shown). I then combined sexes and found no effect of hemisphere (F (1,22) = 0.188; p = 0.669) 
or housing (F (1,22) = 1.062; p = 0.314) on numbers of total new neurons; however, a significant 
interaction was observed between these two factors (F (1,22) = 8.91; p = 0.007; data not shown). 
Post-hoc analyses revealed greater total new neuron densities in the left DG than in the right of 
SH mice (p = 0.041, Bonferroni’s multiple comparisons test) but no difference across 
hemispheres in OB mice (p = 0.496, Bonferroni’s multiple comparisons test). Further, total new 
neuron densities within either hemisphere were unaffected by object exploration as there was no 
difference between OB and SH mice (left OB vs. left SH: p = 0.587, right OB vs. right SH: p = 
0.110, Bonferroni’s multiple comparisons test).  
Treatment effects on SGZ new neuron density. There was no effect of sex (F(1,20) = 
0.001, p = 0.973), hemisphere (F(1,20) =  0.178, p = 0.678), or housing on SGZ new neuron 
density (F(1,20) = 0.997, p = 0.330). Sex did not interact with hemisphere (F(1,20) = 0.338, p = 
0.568) or with housing (F(1,20) = 0.652, p = 0.429). As with total new neuron density, there was 
an interaction between hemisphere and housing (F(1,20) = 8.422, p = 0.009; Figure 4.3b). There 
was no interaction between all three factors (F(1,20) = 0.457, p = 0.507). Post hoc analyses 
revealed a greater density of SGZ new neurons in the left DG than in the right of SH mice (p = 
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0.049, Bonferroni’s multiple comparisons test) but no difference across hemispheres in OB mice 
(p = 0.170, Bonferroni’s multiple comparisons test). There was no difference between SH and 
OB mice in left DG SGZ new neuron density (p = 0.831, Bonferroni’s multiple comparisons 
test), however, SGZ new neuron density in the right DG was significantly higher in OB 
compared to SH mice (p = 0.030, Bonferroni’s multiple comparisons test), indicating that novel 
object exploration during the new neuron maturation period enhanced SGZ new neuron survival 
in the right, but not in the left hemisphere. 
Treatment effects on %SGZ. There was no effect of sex (F(1,19) = 1.284, p = 0.271), 
hemisphere (F(1,19) =  0.605, p = 0.446), or treatment on %SGZ (F(1,19) = 1.378, p = 0.255). 
Sex did not interact with hemisphere (F(1,19) = 0.318, p = 0.580). There interactions between 
sex and treatment (F(1,19) = 5.149, p = 0.035) and between hemisphere and treatment (F(1,19) = 
6.255, p = 0.022). The three factors did not interact (F(1,19) = 0.133, p = 0.720). In males only, 
there was no effect of housing (F(1,9) = 0.748, p = 0.410) or hemisphere (F(1,9) = 0.802, p = 
0.394), with no interaction between these factors (F(1,9) = 2.034, p = 0.188). In females only, 
%SGZ was decreased in OB mice compared to SH mice (F(1,10)= 5.137, p = 0.047), but there 
was no effect of hemisphere (F(1,10) = 0.026, p = 0.876) and there was a trend toward an 
interaction (F(1,10) = 4.605, p = 0.058). In the left hemisphere, there was no effect of sex 
(F(1,19) = 0.254, p = 0.620), but %SGZ was decreased in OB mice compared to SH mice 
(F(1,19) = 6.097, p = 0.023), and there was a trend toward an interaction (F(1,19) = 3.806, p = 
0.066). In the right hemisphere, there was no effect of sex (F(1,19) = 1.559, p = 0.227) or 
housing (F(1,19) = 0.501, p = 0.488), and there was no interaction (F(1,19) = 2.345, p = 0.142; 
data not shown). 
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Treatment effects on lateralization index. To determine whether the degree of 
hemispheric asymmetries in new neuron densities was affected by object exploration, I compared 
new neuron lateralization indices between OB and SH mice. The lateralization indices of total 
new neurons did not differ across sexes (F(1,20) = 0.585, p = 0.453); however, there was an 
effect of treatment (F(1,20) = 4.659, p = 0.043), and no interaction (F(1,20) = 1.519, p = 0.232; 
data not shown). The lateralization indices of SGZ new neurons did not differ across sexes 
(F(1,20) = 0.585, p = 0.453). There was again an effect of treatment (F(1,20) = 4.659, p = 0.043), 
and no interaction (F(1,20) = 1.519, p = 0.232; Figure 4.3d). These data indicate that object 
exploration right-shifted both total and SGZ new neuron densities. 
B. CD-1 mice 
Treatment effects on total new neuron density. To determine if these phenomena extend 
to another strain of mouse, I repeated Experiment 2 using male and female CD-1 mice. Unlike in 
C57BL6J mice, there was no effect of sex (F(1,15) = 1.520, p = 0.237), hemisphere (F(1,15) = 
0.499, p = 0.491), or treatment (F(1,15) = 0.226, p = 0.641) on total new neuron densities in CD-
1 mice. There was no interaction between sex and hemisphere (F(1,15) = 0.076, p = 0.786), sex 
and treatment (F(1,15) = 0.523, p = 0.481), hemisphere and treatment (F(1,15) = 1.203, p = 
0.290), or all three factors (F(1,15) = 0.103, p = 0.753). I then combined sexes and found no 
effect of treatment (F(1,17) = 0.003, p = 0.954) or hemisphere (F(1,17) = 0.420, p = 0.526) and 
no interaction between these factors (F(1,17) = 1.180, p = 0.292; data not shown). 
Treatment effects on SGZ new neuron density. Similarly, there was no effect of sex 
(F(1,15) = 0.645, p = 0.434), hemisphere (F(1,15) = 0.413, p = 0.530), or treatment (F(1,15) = 
0.032, p = 0.861) on SGZ new neurons densities. There was no interaction between sex and 
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hemisphere (F1,15) = 0.019, p = 0.892), sex and treatment (F(1,15) = 0.559, p = 0.466), 
hemisphere and treatment (F(1,15) = 1.409, p = 0.254), or all three factors (F(1,15) = 0.203, p = 
0.658; ). I then combined sexes and found no effect of treatment (F(1,17) = 0.021, p = 0.887) or 
hemisphere (F(1,17) = 0.315, p = 0.582) and no interaction between these factors (F(1,17) = 
1.446, p = 0.246; Figure 4.3c). 
Treatment effects on %SGZ. Finally, there was no effect of sex (F(1,15) = 1.417, p = 
0.252), hemisphere, or treatment (F(1,15) = 0.093, p = 0.491) on %SGZ in CD-1 mice. There 
was no interaction between sex and hemisphere (F(1,15) = 0.041, p = 0.843), sex and treatment 
(F1,15) = 0.002, p = 0.962), hemisphere and treatment (F(1,15) = 0.249, p = 0.625), or all three 
factors (F(1,15) = 0.618, p = 0.444). I then combined sexes and found no effect of treatment 
(F(1,17) = 0.412, p = 0.530) or hemisphere (F(1,17) = 2.381, p = 0.141) and no interaction 
between these factors (F(1,17) = 227, p = 0.640; data not shown). 
Treatment effects on lateralization index. In CD-1 mice, the left-lateralization indices of 
total new neurons did not differ across sexes (F1,15) = 0.201, p = 0.660) or treatment groups 
(F(1,15) = 1.121, p = 0.306) and there was no interaction (F(1,15) = 0.215, p = 0.649; data not 
shown). Similarly, there was no effect of sex (F(1,15) = 0.010, p = 0.922) or treatment (F(1,15) = 
1.884, p = 0.190) on lateralization indices of SGZ new neurons, and there was no interaction 
(F(1,15) = 0.475, p = 0.501; Figure 4.3d). 
C. Lateralization indices across strains 
To determine if degree of asymmetry differed across strains and treatment groups, I 
compared lateralization indices across strains and treatment groups. There was no effect of strain 
(F(1,39) = 2.146, p = 0.151) on lateralization indices of total new neurons, however, there was an 
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effect of treatment (F(1,39) = 4.405, p = 0.042), and no interaction between groups (F(1,39) = 
0.253, p = 0.618). Similarly, there was no effect of strain (F(1,39) = 1.338, p = 0.254) on 
lateralization indices of SGZ new neurons, however, there was an effect of treatment (F(1,39) = 
8.538, p = 0.006) and no interaction between groups (F(1,39) = 0.488, p = 0.489; Figure 4.3d).  
Experiment #3: Modulation of lateralized new neurons by context discrimination 
learning during new neuron critical period.  Hippocampus-dependent water maze learning and 
trace conditioning rescued new hippocampal neurons from apoptosis when learning occurred 
one, but not three, weeks post mitosis (Gould et al., 1999). It is not clear how context 
discrimination learning, which is both hippocampus-dependent (Frankland et al., 1998) and 
dependent on new neurons (Kheirbek et al., 2012) would affect adult hippocampal neurogenesis. 
Therefore, I examined whether context discrimination learning affected new neuron densities in 
the left and right DG and lateralization in C57BL6J mice when learning occurred either at 0.5-2 
or 2.5-4 wpm (Figure 4.4a).  
1wpm and 3wpm groups combined: Freezing behavior. I first examined whether mice 
learned the difference between contexts A and B and if so whether there were sex differences in 
learning. Context discrimination was measured as time spent freezing (absence of all movement 
except breathing) in context A compared to context B on a given day. There was no effect of sex 
(F(1,19) = 0.528, p = 0.476), however, there was an effect of context (F(1,19) = 21.007, p < 
0.001) and of training day (F(1,19) = 114.362, p < 0.001; data not shown), demonstrating an 
increase in freezing with each day of training as well as increased freezing in context A 
compared to context B. I then combined sexes and examined time spent freezing in context A or 
B on training days 1-6 across all mice, combining 1 wpm and 3 wpm groups (n = 21). There 
were main effects of context (F(1,20) = 20.08, p < 0.001), with greater freezing in context A. 
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There was also a main effect of training day (F(5,100) = 48.78, p < 0.001), as well as an 
interaction between these two factors (F(5,100) = 11.24, p < 0.001; Figure 4.4b). Post hoc 
analyses revealed greater freezing in context A as compared to context B on training days 3-6 (p 
< 0.01). Freezing was greater in context B as compared to context A on training day 1 (p = 
0.018). This is not surprising, as this was the first exposure to context B following two exposures 
to A that included the unconditioned stimulus. Therefore, I ignored behavior on training day 1 in 
all subsequent analyses.  
A. 1 wpm  
Freezing. In one group of mice, context training began 1 week after the first BrdU 
injection (1 wpm). In this group, the pool of BrdU-tagged new neurons was 0.5-1 week of age at 
the beginning of training and 1.5-2 weeks of age at the end of training (Figure 4.4a). Mice were 
then left undisturbed in their home cage until sacrifice at 3.5-4 wpm. As when all mice were 
combined, there were main effects of context (F(1,9) = 24.22; p < 0.001), with greater freezing in 
context A. There was also a main effect of training day (F(4,36) = 17.04; p = 0.0003) on time 
spent freezing, and no interaction between these two factors (F(4,36) = 2.541; p = 0.057; data not 
shown).  
Total new neuron density. I quantified new neuron densities in the left and right DG and 
compared these new neuron densities to those of “transport-controls” that were brought with 
trained mice to the behavior room but that were not exposed to the behavioral chamber. Total 
new neuron densities did not differ between males and females (F(1,16) = 0.015, p = 0.903), 
between hemispheres (F(1,16) = 1.412, p = 0.252), or between trained and transport-control 
groups (F(1,16) = 0.000, p = 0.999). There were no interactions between any two factors (sex by 
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hemisphere: F(1,16) = 1.170, p = 0.295); sex by training F(1,16) = 2.724, p = 0.118); hemisphere 
by training: F(1,16) = 0.630, p = 0.439), or between all three (F(1,16) = 0.580, p = 0.457; data 
not shown). I then combined sexes and found no effect of training (F(1,18) = 0.031, p = 0.862) or 
hemisphere (F(1,18) = 1.045, p = 0.320) on total new neuron densities and there was no 
interaction between these factors (F(1,18) = 0.992, p = 0.333; data not shown).  
SGZ new neuron density. SGZ new neuron densities did not differ by sex (F(1,16) = 
0.002, p = 0.996), hemisphere (F(1,16) = 1.669, p = 0.215), or between treatment (trained or 
transport-controls) (F(1,16) = 0.000, p = 0.993). There were no interactions between any two 
factors (sex by hemisphere: F(1,16) = 3.334, p = 0.087); sex by treatment F(1,16) = 3.190, p = 
0.093); hemisphere by treatment: F(1,16) = 1.048, p = 0. 321), or between all three (F(1,16) = 
1.040, p = 0.323; data not shown). I then combined sexes and found no effect of treatment 
(F(1,18) = 0.032, p = 0.860) or hemisphere (F(1,18) = 0.918, p = 0.351) on numbers of new 
neurons in the SGZ and there was no interaction between these factors (F(1,18) = 1.549, p = 
0.229; Figure 4.5a).  
%SGZ. %SGZ also did not differ by sex (F(1,16) = 0.030, p = 0.865), hemisphere 
(F(1,16) = 1.133, p = 0.303), or treatment (F(1,16) = 0.004, p = 0.948). There was no interaction 
between any two factors (sex by hemisphere: F(1,16) = 1.649, p = 0.217; sex by treatment: 
F(1,16) = 0.518, p = 0.482; hemisphere by treatment: F(1,16) = 0.048, p = 0.830) or between all 
three factors (F(1,16) = 0.001, p = 0.971). I then combined sexes and found no effect of 
treatment (F(1,18) < 0.001, p = 0.981) or hemisphere (F(1,18) = 0.905, p = 0.354) on %SGZ and 
there was no interaction between these factors (F(1,18) = 0.128, p = 0.725; data not shown). 
B. 3 wpm 
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Freezing. In another group of mice context discrimination training began 3 weeks after 
the first BrdU injection (3 wpm). BrdU-tagged new neurons in this group were 2.5-3 weeks of 
age at the beginning of training and were 3.5-4 weeks of age at the end of training (Figure 4.4a). 
Again, there were main effects of context (F(1,10) = 7.742; p = 0.019) and training day (F(4,40) 
= 28.49; p < 0.001) and no interaction between these two factors (F(4,40) = 0.493; p = 0.741; 
data not shown). Mice were sacrificed at the end of training, 4 weeks after BrdU injections.  
Total new neuron density.  I then quantified total new neuron density and found no 
difference between sex (F(1,15) = 0.123, p = 0.731), hemisphere (F(1,15) = 1.470, p = 0.244), or  
between trained and transport-controls (F(1,15) = 1.705, p = 0.211).There was no interaction 
between any two factors (sex by hemisphere: F(1,15) = 0.038, p = 0.838; sex by treatment: 
F(1,15) = 2.477, p = 0.136; hemisphere by treatment: F(1,15) = 0.098, p = 0.759) or between all 
three factors (F(1,15) = 0.133, p = 0.721; data not shown). I combined sexes and found no 
difference between trained and transport-controls (F(1,17) = 1.522, p = 0.234) or hemisphere 
(F(1,17) = 1.847, p = 0.192) on total new neuron densities and there was no interaction between 
these factors (F(1,17) = 0.117, p = 0.736; data not shown). 
SGZ new neuron density. I then compared SGZ new neuron densities in the left and right 
DG to transport controls. There was no effect of sex (F(1,15) = 0.205, p = 0.657), hemisphere 
(F(1,15) = 1.262, p = 0.279), or treatment (F1,15) = 1.975, p = 0.180). There was no interaction 
between any two factors (sex by hemisphere: F(1,15) = 0.045, p = 0.835; sex by treatment: 
F(1,15) = 2.403, p = 0.142); hemisphere by treatment: F(1,15) = 0.017, p = 0.899) or between all 
three factors (F(1,15) = 0.511, p = 0.486; data not shown). I then combined sexes and found no 
effect of treatment (F(1,17) = 1.821, p = 0.195) or hemisphere (F(1,17) = 1.711, p = 0.208) and 
there was no interaction between these factors (F(1,17) = 0.013, p = 0.910; Figure 4.5b). 
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%SGZ. There was no effect on %SGZ by sex (F(1,15) = 0.001, p = 0.975), hemisphere 
(F(1,15) = 2.692, p = 0.122), or treatment (F(1,15) = 0.004, p = 0.948). There was no interaction 
between any two factors (sex by hemisphere: F(1,15) = 0.975, p = 0.339; sex by treatment: 
F(1,15) = 0.000, p = 0.998); hemisphere by treatment: F(1,15) = 0.068, p = 0.798) or between all 
three factors (F(1,15) = 0.458, p = 0.509; data not shown). I then combined sexes and found no 
effect of treatment (F(1,17) = 0.004, p = 0.948) or hemisphere (F(1,17) = 2.723, p = 0.117) on 
%SGZ and there was no interaction between these factors (F(1,17) = 0.149, p = 0.704; data not 
shown). 
C. Lateralization indices across new neuron age groups  
I then examined lateralization indices across sexes, treatment (trained or transport-
control) and neuron age during experience (1 wpm vs 3 wpm).  
Total new neuron lateralization indices did not differ by sex (F(1,31) = 0.903, p = 0.349) 
or treatment (F(1,31) = 0.117, p = 0.735), but was affected by the age of new neurons during the 
experience (F(1,31) = 6.868, p = 0.013). Group 1 wpm was significantly more right-side 
lateralized than Group 3 wpm. There was no interaction between any two factors (sex by 
treatment: F(1,31) = 0.034, p = 0.854; sex by neuron age group (1 wpm or 3 wpm): F(1,31) = 
0.498, p = 0.486; or treatment by neuron age group F(1,31) = 1.211, p = 0.280), although there 
was a trend towards an interaction between all three (F(1,31) = 3.745, p = 0.062; data not 
shown). I then combined sexes and compared lateralization indices across treatments (trained or 
transport-control) and neuron-age groups during treatment (1 wpm or 3 wpm). I found a main 
effect of new neuron-age groups (F(1,35) = 6.830, p = 0.013) on total new neuron lateralization 
indices, but no effect of training versus transport (F(1,35) = 0.012, p = 0.915) and no interaction 
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(F(1,35) = 1.448, p = 0.237; data not shown). This suggested that total new neuron densities were 
more right-side lateralized when training or transportation occurred at 0.5-2 wpm and relatively 
left-dominant when training or transportation occurred at 2.5-4 wpm. 
SGZ new neuron lateralization indices did not differ across sex (F(1,31) = 2.446, p = 
0.128) or treatment (F(1,31) = 0.012, p = 0.913), but did differ depending on new neuron age at 
the time of the experience (F(1,31) = 6.818, p = 0.014). As with the total neuron lateralization 
index, SGZ new neurons were right-side lateralized when training or transportation occurred 
when labeled neurons were 0.5-2 wpm and relatively left-side lateralized when training or 
transportation occurred when labeled neurons were 2.5-4 wpm. There was no interaction 
between any two factors (sex by treatment: F(1,31) = 0.052, p = 0.821; sex by neuron age at time 
of experience: F(1,31) = 0.552, p = 0.463; treatment by neuron age at time of treatment: F(1,31) 
= 1.498, p = 0.230), although there was a trend towards an interaction between all three (F(1,31) 
= 3.851, p = 0.059; data not shown). I then combined sexes and compared lateralization indices 
across groups and found a main effect of new neuron age at the time of treatment (F(1,35) = 
6.191, p = 0.018) on SGZ new neuron lateralization indices, such that Group 1 wpm were more 
right-side lateralized than Group 3 wpm (Figure 4.5c). There was no effect of training versus 
transport-control (F(1,35) = 0.011, p = 0.916) and no interaction (F(1,35) = 1.871, p = 0.180).   
Differences in new neuron lateralization in standard-housed controls compared to 
transportation controls.  In C57BL6J mice, there was no evidence of new neuron lateralization 
in transport-controls (Experiment #3), in contrast to new neuron lateralization of standard housed 
controls seen in Experiments #1 and #2. In standard housed controls, mice had more new 
neurons in the left hemisphere than the right. In Experiments 1 and 2, controls were maintained 
in a single room in standard housing.  In Experiment 3, transport-controls were brought from the 
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vivarium to the behavioral testing room 2 times per day, for 7 days. Each transport lasted about 
40 minutes. Therefore, I sought to determine whether transport to the behavioral room affected 
new neuron lateralization.  
I first compared left and right new neuron densities in standard-housed C57BL6J mice in 
Experiments #1 (5.5-6 week-old new neurons) and #2 (3.5-4 week-old new neurons). Total new 
neuron densities were did not differ by new neuron age at time of treatment (F(1,17) = 1.931, p = 
0.183), but differed across hemisphere (F(1,17) = 13.77, p = 0.002) with more new neurons in 
the left than right. These factors did not interact (F(1,17) = 0.5293, p = 0.529). SGZ new neuron 
densities likewise did not differ by new neuron age at time of treatment (F(1,17) = 0.364, p = 
0.555), and differed across hemisphere (F(1,17) = 17.04, p < 0.001), with more new neurons in 
the left than right. These factors did not interact (F(1,17) = 0.007, p = 0.934; data not shown). 
There were also no differences between controls in 1 wpm and 3 wpm groups (no effect of new 
neuron age: F(1,16) = 3.079, p = 0.098; no effect of hemisphere: F(1,16) = 0.182, p = 0.675; no 
interaction: F(1,16) = 0.209, p = 0.654). I combined the 1 wpm and 3 wpm transport control 
groups and compared new neurons in these controls to those of transport controls in Experiment 
#3.  
There was no effect of control type (standard housed vs transport control) on total new 
neuron density (F(1,35) < 0.001, p = 0.991), but there was an effect of hemisphere (F(1,35) = 
10.90, p = 0.002), and an interaction between these factors (F(1,35) = 8.316, p = 0.007; data not 
shown). Post hoc analyses revealed a greater density of total new neurons in the left than in the 
right DG in standard-housed controls (p < 0.001; Bonferroni’s multiple comparisons test), but 
not in transportation controls (p > 0.999; Bonferroni’s multiple comparisons test). There was no 
difference between standard-housed controls and transportation controls in the left (p = 0.515; 
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Bonferroni’s multiple comparisons test) or right DG (p = 0.498; Bonferroni’s multiple 
comparison test). 
There was no effect of control type (standard housed vs transport control) on SGZ new 
neuron density (F(1,35) = 1.691, p = 0.202), but there was an effect of hemisphere (F(1,35) = 
12.70, p = 0.001), and an interaction between these factors (F(1,35) = 7.654, p = 0.009; data not 
shown). Post hoc analyses revealed a greater density of SGZ new neurons in the left than in the 
right DG in standard-housed controls (p < 0.001; Bonferroni’s multiple comparisons test), but 
not in transportation controls (p > 0.999; Bonferroni’s multiple comparisons test). There was no 
difference between standard-housed controls and transportation controls in the left DG (p > 
0.999; Bonferroni’s multiple comparisons test) and there was a trend towards a greater SGZ new 
neuron density in the right DG of transportation controls compared to standard-housed controls 
(p = 0.076; Bonferroni’s multiple comparison test). 
Lateralization indices of total and SGZ new neurons differed between standard-housed 
controls and transport controls (total: t(31) = 2.805, p = 0.008; SGZ: t(31) = 3.447, p = 0.001; 
data not shown), indicating a higher degree of left-lateralization in standard-housed controls. 
Discussion 
Main findings.  Here, I report lateralized adult neurogenesis in the mammalian brain and 
have found that new neuron lateralization may be modulated by experiences occurring as new 
neurons develop. I found a higher density of new neurons at both 4 and 6 weeks after mitosis in 
the left than in the right DG of experimentally naïve C57BL6J male and female mice. It is not 
clear whether new neuron lateralization in naïve mice is due to differences in survival or 
proliferation. However, as the experiential manipulations in Experiments 2-3 occurred after 
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proliferation of BrdU-labeled cells, the experience-dependent effects reported here appear to be 
due to hemispheric differences in new neuron survival in response to particular experiences. 
Interestingly, the percentage of total new neurons that were located in the SGZ was also left-
lateralized in naïve animals and was greater in females. SGZ new neurons were unique in that 
home cage novel object exploration (occurring between 0.5 and 2 weeks post mitosis) 
upregulated SGZ new neuron density in the right but not in the left DG, while total new neuron 
density in either hemisphere was unaffected, though both total and SGZ new neuron 
lateralization was right-shifted following novel object exploration. The %SGZ new neurons was 
left-lateralized in naïve animals, was higher across hemispheres in females than in males and was 
modulated by object exploration in a sex- and hemisphere-specific manner. However, these 
instances of new neuron lateralization did not generalize to the CD-1 mouse strain. Finally, 
context discrimination training appeared to have no effect on new neuron lateralization compared 
to transportation controls, however, the timing of training or transportation appeared to affect 
degree of new neuron lateralization such that mice which underwent training/transportation 0.5-2 
weeks after injections were right-shifted compared to mice that underwent training at 2.5-4 
weeks after injections. Remarkably, new neuron lateralization in transport controls differed from 
lateralization in standard-housed controls, indicating that new neuron lateralization may be 
highly sensitive to experience, although it is also possible that the lateralization seen in naïve 
mice is not generalizable and was a spurious effect of sampling. I found a left lateralization in 
total and SGZ new neuron density when comparing standard-housed and transportation controls 
(n = 37), however it is not clear whether these effects would also be seen over larger populations 
of mice or in other colonies of C57BL6J mice. 
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Impact of learning on neurogenesis.  Given that even transportation to and from the 
behavior room without any context discrimination training may have altered lateralization, it 
cannot be discerned from these data whether or not contextual discrimination learning or the 
stress involved in this paradigm affects new neuron lateralization. As trained animals did not 
differ from controls, it is not clear whether training would have affected new neuron 
lateralization in the absence of transportation. Changes in adult hippocampal neurogenesis in 
response to certain experiences have been interpreted as a mechanism of functional plasticity, 
allowing the brain to adapt to new experiences (Drew & Denny, 2018). Collectively, the data in 
this chapter indicate that neurogenesis is differentially modulated by experience across 
hemispheres. Shifts in hemispheric lateralization of new neuron survival may change 
interhemispheric communication within the hippocampus and alter bilateral hippocampal 
physiology. Thus, changes in new neuron lateralization may itself be a form of functional 
plasticity. 
Strain differences in new neuron lateralization: experience-dependent or inherited?  CD-
1 mice, an outbred strain with poor vision, did not show a significant left-lateralization of new 
neurons as C57BL6J mice and the degree of lateralization of new neurons was unaffected by 
object exploration. Given the role of experience in the modulation of new neuron lateralization, it 
may be that poor vision in CD-1 mice buffers the impact that experience has on the brain and 
thus abolishes baseline new neuron lateralization, although it cannot be ruled out that the 
lateralization in naïve C57BL6J mice is inherited. Previous studies have found right-hemisphere 
specific changes and rightward shifts in the hippocampus of rats following certain spatial 
learning or environmental novelty (Cowell et al., 1997; Tang et al., 2008; Klur et al., 2009; 
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Shinohara et al., 2013). As we have seen a similar pattern in C57BL6J mice, it is possible that 
the hippocampus of this strain in particular is lateralized in a similar manner to rats. 
Sex differences.  Although there did not appear to be any sex differences in density or 
lateralization of new neurons across manipulations and strains, the percentage of new neurons in 
the SGZ did differ across sexes. In females, a higher percentage of new neurons remained in the 
SGZ (as opposed to migrating deeper into the GCL) than in males. Gonadal steroids can 
modulate hippocampal new neuron proliferation and survival in an experience-dependent manner 
(for review, see Galea et al., 2013). It is not yet clear if the percentage of cells in the SGZ reflects 
new neuron migration rates or neuronal turnover rates. It is possible that sex differences in new 
neuron migration or turnover may be linked to sex differences in spatial cognition (Barha & 
Galea, 2010) and stress-related disorders, such as depression (Hammarstrom et al., 2009). 
SGZ new neurons as a unique cell class.  The data reported here demonstrate that 
lateralized new neuron densities specifically in the first cell layer can be modulated by object 
exploration, suggesting that sensitivity of new neuron densities to experience may be laminar-
dependent. Interestingly, migration of new neurons in C57BL6J mice differed across 
hemispheres and sexes with a higher percentage of new neurons remaining in the SGZ in the left 
compared to the right, and a higher percentage across hemispheres in females compared to 
males. Further, this percentage changed with experience in a sex- and hemisphere-dependent 
manner. These data indicate that new neurons may be a heterogeneous cell population based on 
spatial location within the DG. It is not clear at this time what consequences or benefits may 
arise from differences in new neuron migration or turnover, or whether new neurons that 
incorporate into the first layer of the GCL are morphologically or physiologically distinct from 
those that migrate deeper. 
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Summary.  In summary, these data indicate hemispheric differences in new neuron 
densities in experimentally naïve mice and that this lateralization can be altered with experience, 
indicating hemispheric differences in the brain’s response to experience. Thus, hemispheric 
asymmetry in adult neurogenesis may be a plastic process. Given the role of adult hippocampal 
neurogenesis in DG plasticity and in cognition and disease, several outstanding questions remain. 
Specifically, do dentate granule cells, either mature or immature, exhibit fundamentally different 
functional and physiological properties across hemispheres as has been shown of CA3 pyramidal 
cells (Kohl et al., 2011; Shipton et al., 2014)? Do experience-dependent shifts in hippocampal 
lateralization directly affect memory processes (e.g. encoding, storage, or retrieval)? The 
findings of lateralization of adult hippocampal neurogenesis are a step in understanding 




Chapter 5: General Discussion 
 
The rodent hippocampus is lateralized in terms of function and plasticity. Despite this, we 
are far from a comprehensive understanding of the bilateral hippocampus. Here I present four 
contributions to understand how the bilateral hippocampus contributes to behavior: 1) a 
theoretical model detailing how the left and right hippocampi may contribute to spatial memory 
and navigation; 2) behavioral data from split-brain mice with loss of interhippocampal 
connections; 3) interhemispheric differences in activity-dependent gene expression; and 4) 
dynamic lateralization of adult neurogenesis in the dentate gyrus. 
Theories of bilateral hippocampal function.  Findings of interhemispheric lateralization 
in the rodent hippocampus suggest the need for bilateral models of hippocampal function. I 
proposed a new model of bilateral hippocampal function in which the left hippocampus stores 
spatial associations between stimuli as discrete locations, while the right hippocampus 
specializes in spatial working memory and contributes to the generation and updating of routes 
during navigation. In addition to testing this model, it will be interesting to see whether this 
model may generalize to other brain systems. The hippocampus receives input from many of the 
brain’s sensory systems, however, it is not clear whether lateralized processing in these systems 
results in different input into the left and right hippocampi, or if the left and right hippocampi 
receive similar input and process it differently. My model is complementary to the categorical-
coordinate theory of visuospatial lateralization (Kosslyn, 1987). It would follow that if visual 
processing of spatial information is lateralized that this processing may be fed into the 
hippocampus in a lateralized manner. Lateralization has been reported with respect to whisker-
guided spatial learning and navigation in rats (LaMendola & Bever, 1997). Activity in the right 
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hippocampus correlated with navigation accuracy while activity in the right caudate nucleus 
correlated with navigation speed (Maguire et al., 1998), suggesting a right-hemisphere spatial 
navigation circuit. It is not known how lateralized hippocampal processing integrates with 
sensory and motor cortical processing and how these networks communicate across hemispheres. 
Although my model would predict contextual fear memory, a form of hippocampus-
dependent associative memory, to be left-lateralized, lesions of the right amygdala produce 
greater contextual fear memory deficits than lesions to the left (Baker & Kim, 2004). It is not 
clear whether this result represents a contradiction to my model. Alternatively, if contextual fear 
networks are left-lateralized at the level of the hippocampus and right-lateralized at the level of 
the amygdala, this would indicate a gap in our knowledge concerning the cerebral organization 
of emotional memories. 
Selective impairment of spatial memory in split-brain mice. Certain forms of memory 
require an intact hippocampus for encoding and retrieval. In rodents, spatial memory and 
contextual fear conditioning are sensitive to lesions or inactivation of the bilateral hippocampus 
(Morris et al., 1982; Kim & Fanselow, 1992; Wiltgen et al., 2006; Shipton et al., 2014). While 
divergent functions of the left and right hippocampi have been reported (Klur et al., 2009; 
Shipton et al., 2014; El-Gaby et al., 2016), it is not clear whether interhemispheric 
communication is required for hippocampal function. Therefore, I severed interhemispheric 
connections between the left and right hippocampi and cortex in mice and found that spatial 
learning and memory, as measured by the Morris Water Maze (Morris et al., 1982; Voorhees & 
Williams, 2006) and the Y-Maze short-term memory task (Shipton et al., 2014), were impaired 
in split-brain mice with no interhemispheric projections. However, these mice were not impaired 
on a contextual fear conditioning task that is known to be very sensitive to hippocampal 
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manipulations (Wiltgen et al., 2006). It is not yet clear whether these impairments represent a 
failure of interhemispheric binding of lateralized processing (e.g. binding an event memory to a 
location) or whether it represents a loss of interhemispheric information sharing to facilitate a 
lateralized process (e.g. making a place memory stored unilaterally available to the contralateral 
hemisphere to guide route computation). Possible tests of hypotheses concerning bilateral 
hippocampal function may be done by examining neuronal activity in vivo across hemispheres. 
The split-brain mouse described here presents a potential model for examination of how spatial 
coding in the hippocampus is influenced by information sharing across hemispheres. 
Specifically, recording in the left CA1 of split-brain mice can test predictions about left CA3 
contributions to plasticity of hippocampal place cells while recording in right CA1 can test 
predictions about right CA3 contributions to spatial coding stability 
Lateralization of activity-dependent immediate early gene expression in the dentate 
gyrus.  I quantified left and right dentate gyrus c-Fos expression, a protein marker of neural 
activity, following wheel running, object exploration, or home cage controls. I found that wheel 
running enhanced DG c-Fos expression in both the left and right DG in comparison to both 
controls and object explorers. Object exploration enhanced DG c-Fos expression relative to 
controls in the left hemisphere only. Cell quantification studies rarely report whether hemisphere 
was considered when formulating the experimental design or methods. With these data, I then 
simulated cell quantification methods in which hemisphere is ignored and found that different 
approaches could lead to different outcomes. These data indicate that failure to treat hemispheres 
as distinct from each other in cell quantification experiments may lead to incomplete conclusions 
regarding the effect of experience on the brain. It is not clear whether lateralized expression 
would extend to other behaviors to other IEGs. The Npas4 IEG is expressed only in neurons and 
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only in response to neuronal stimulation (Lin et al., 2008). Further, Npas4 is required for 
contextual fear memory and is expressed in CA3 but not in CA1 following contextual fear 
retrieval (Ramamoorthi et al., 2011). This is consistent with data indicating CA3 as a locus of 
contextual memory storage (Nakashiba et al., 2008). However, place cells in CA1 are active in 
novel and fear-conditioned contexts (Wang et al., 2015), indicating that while IEGs may be 
expressed following neuronal activity, neuronal activity does not necessarily lead to IEG 
expression. It is possible that Npas4 expression is a marker for experience-dependent plasticity 
associated with neuronal memory storage (Sun & Lin, 2016). Given the specific conditions of 
Npas4 expression and its relationship with long-term memory storage, examination of Npas4 
expression across hemispheres may further inform our understanding of hippocampal functional 
lateralization. 
Dynamic lateralization of adult hippocampal neurogenesis. The hippocampus is one of 
the few areas in the mammalian brain in which new neurons are born and integrate into local 
circuits throughout the lifespan (Altman & Das, 1965; Cameron et al., 1993; Schmidt-Hieber et 
al., 2004). I found that new neurons and the effect of experience on new neurons can differ 
across hemispheres. As new neurons are a source of plasticity in the dentate gyrus (Snyder et al., 
2001; Schmidt-Hieber et al., 2004; Saxe et al., 2006; Gu et al., 2012), it will be important to 
examine the consequences of dynamic new neuron lateralization on physiology and function of 
the hippocampus more broadly.  
Summary and conclusion.  This dissertation describes theoretical and experimental 
contributions to understanding the hippocampus as a bilateral structure. Theoretically, I have 
contributed a model of how the left and right hippocampus function in memory and in spatial 
cognition. Experimentally, I have provided evidence concerning the nature of information 
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exchanged between the left and right hippocampi and have shown how the effects of experience 
on the left and right hemisphere can differ. Consideration of the hippocampus bilaterally and 





Table 2.1: Summary results of hippocampal lateralization studies 
 
LTP Left Right Source(s) 
Spike-timing dependent 
LTP Present Absent Kohl et al., 2011 
High frequency 
stimulation LTP Present Absent Shipton et al., 2014 
    
Molecular 
Asymmetries    
GluN2B Dense Scarce 
Kawakami et al., 2003; 
Shinohara et al., 2008 
GluR1 Scarce Dense Shinohara et al., 2008 
    
Microanatomical 
Asymmetries    
Postsynaptic Spine Size 
CA3 targets small 
spines 
CA3 targets large 
spines Shinohara et al., 2008 
    
Behavioral 
Lateralization    
Morris Water Maze Acquisition Retrieval Klur et al., 2009 
Long-Term Y-Maze Dependent Independent 
Shipton et al., 2014; 
El-Gaby et al., 2016 
Short-Term Y-Maze Dependent Dependent Shipton et al., 2014 
Short-Term T-Maze (no 
delay between trials) Dependent Dependent Shipton et al., 2014 
Barnes Maze Non-Dominant Dominant Shinohara et al., 2012 






Figure 1.1 Lateralization of organ systems and of neural memory systems in mammals. (A) The 
chiral beating of cilia produces a leftward nodal flow in the developing embryo. As adults, these 
organisms have a stereotyped laterality of thoracic and abdominal organs (Nonaka, et al., 2002). Wild 
type mice with normal ciliary function have an asymmetric hippocampus (Kawakami et al., 2008). (B) 
Loss of ciliary motility results in a randomized organ laterality in mice and humans (Nonaka et al., 2002; 
Lobo et al., 2014). Affected mice have a bilateral right isomerism of hippocampal circuitry, regardless of 






Figure 1.2 Lateralization of synaptic plasticity at Schaffer-collateral synapses depends on CA3. 
Top, Left and right CA3 (blue and red, respectively) project to ipsilateral and contralateral CA1. These 
synapses show different molecular, microanatomical and physiological properties depending on whether 
they receive input from left or right CA3, regardless of which hemisphere the postsynaptic target resides 
in. Bottom, CA1 responses to a brief test stimulus given before and after high frequency stimulation of left 
or right CA3 (arrow). Stimulation of left CA3 neurons (blue) produces long-term potentiation of 
postsynaptic responses in left and right CA1, while stimulation of right CA3 (red) does not produce long-
term potentiation in either left or right CA1 (Kohl et al., 2011; Shipton et al., 2014). DG, dentate gyrus; s.r., 





Figure 1.3 LAW predictions of spatial representation. (A) A mouse learning the location of a goal 
within an environment using spatial cues. I, An encoding trial in which mice begin at a start location (1) 
and explore the arena until they arrive at a goal location (2). II, As training progresses, mice will improve 
their search efficiency. III, Over-training on this spatial task will result in highly efficient search and a 
change in the neural systems facilitating this task. Blue and red circles represent place fields of spatially-
selective neurons. (B) Hippocampal and cortical circuits underlying spatial representation. In the above 
task (A), The trajectory of the mouse will be mapped by right CA3 (red place fields) while start goal 
locations will be mapped by left CA3 (dark blue place fields, I and II). The process of systems 
consolidation of a well-learned spatial memory task will recruit cortical spatial memory circuits (light blue 









Figure 2.1 Transection of interhemispheric pathways. (A) Anatomical illustration of area targeted by 
split-brain surgery. Dotted line indicates path of surgical knife. ACAv, ventral anterior cingulate cortex; 
cing, cingulum bundle; cc, corpus callosum; CTX, cortex; df, dorsal fornix; fi, fimbria; IG, induseum 
griseum; LSc, TRS, and SF are nuclei of the septum; SFO, subfornical organ; V3, third ventricle; vhc, 
ventral hippocampal commissure; VL, lateral ventricle. Image credit: Allen Institute, © 2004 Allen Institute 
for Brain Science. Allen Mouse Brain Atlas, available from http://mouse.brain-map.org/ (B) Surgical 
treatment groups. Myelin is stained with luxol fast blue and counterstained with cresyl violet. SHAM 
surgery consisted of lowering the surgical knife into the cortex, superficial to the cc, leaving the cc and 
vhc intact. CC surgery consisted of transection of the cc only (white arrow). VHC+CC surgery consisted of 





Figure 2.2 VHC+CC transection impairs short-term spatial memory on the Y-Maze. (A) Y-Maze 
short-term spatial memory paradigm. Mice were allowed to explore a three-arm Y-Maze during an 
encoding trial with one arm blocked off (green). Following a 1-minute intertrial, mice were place back into 
the apparatus with all arms open. S indicates the start arm; F indicates the familiar arm that the mouse 
had access to during the encoding trial; N indicates the novel arm that was blocked off during encoding. 
(B) Time spent in the novel and familiar arms during the retrieval trial. Black bars indicate group means; 







B.           C. 
           
 
Figure 2.3 VHC+CC transection impairs spatial learning and memory on the MWM. (A) MWM spatial 
learning and memory paradigm. Mice were trained to locate a hidden escape platform by its relation to 
extra-maze spatial cues. After 5 days of training, mice were given a single probe trial with the escape 
platform removed. (B) Average escape latencies on each day of training. SHAM (squares, solid line); CC 
(circles, dotted line); VHC+CC (triangles, dash line). Error bars are SEM. *P < 0.05, VHC+CC compared 
to SHAM (C) Time spent searching in the target quadrant on the probe trial in each treatment group. 
Dashed line indicates chance search time; circles indicate males, diamonds indicate females. *P < 0.05 



















































A.       B. 
     
Figure 2.4 VHC+CC transection spares hippocampus-independent place learning. (A) Average 
escape latencies on each day of training. SHAM (squares, solid line); CC (circles, dotted line); VHC+CC 
(triangles, dash line). Error bars are SEM. (B) Minimum escape latency for each mouse on the final day of 
training. Black bars represent group means; NS indicates no significance; circles indicate males; 




































































B.             C. 
                 
Figure 2.5 VHC+CC transection spares hippocampus-dependent contextual fear memory. (A) 
Hippocampus-dependent contextual fear memory paradigm. Mice were place in a behavioral chamber 
where they received a single mild foot-shock during a conditioning session. Mice were re-exposed to the 
chamber one and 24 hours later to asses short- and long-term contextual fear memory. (B) Time spent 
freezing during context re-exposure one hour after conditioning. (C) Time spent freezing during context 
re-exposure 24 hours after conditioning. Horizontal bars represent group means; circles indicate males; 








































A.          B. 
        
Figure 2.6 VHC+CC transection does not affect exploration of an elevated plus maze. Time spent 
exploring open arms during exploration of the elevated plus maze. Horizontal bars represent group 































Figure 3.1. Exposure to a novel object preferentially recruited the left DG, while wheel running 
equally recruited both DG. (A) Dorsal DG c-Fos expression across hemispheres and behavioral groups 
showed an overall effect of wheel running on left- and right-hemisphere c-Fos expression and an 
interaction between treatment group and hemisphere. * indicates main effect, P<0.05; a: post-hoc tests 
indicate that c-Fos+ cell counts in both the left and right hemispheres of the WR group were greater than 
those in either the CON or OB groups; b: indicates an effect of object exploration on left-hemisphere c-
Fos expression compared to the left hemisphere of controls; letters indicate P<0.05. (B) Left and right 
densities of DG c-Fos expression in OB-D mice. * indicates a difference between hemispheres, P<0.05. 
(C) Degree of hemispheric lateralization for individuals in each behavioral group. * indicates a main effect 
of treatment group, P<0.05; a, b: post-hoc tests show that lateralization indices in OB and OB-D differ 
from that of CON. Males are shown as open circles and females are shown as closed circles; group 
means are shown as horizontal black bars. 
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Figure 3.2. Ignoring hemispheres during cell quantification can lead to different conclusions. (A) 
DG c-Fos expression in the left hemisphere only. (B) DG c-Fos expression in the right hemisphere only. 
(C) DG c-Fos expression when hemispheres were pooled bilaterally. (D) Instances of P values 
determined by Tukey’s post-hoc tests comparing OB and CON, conducted after each of 1,000 iterations 
of random combinations using 80% of our c-Fos data from the left hemisphere and 20% from the right 
hemisphere. Binned ranges of P values are shown along the x axis and instances of P values per bin are 
shown along the y axis. (E) Instances of P values determined by Tukey’s post-hoc tests comparing OB 
and CON, conducted after each of 1,000 iterations of random combinations using 20% of our left and 
80% of our right hemisphere c-Fos data. (F) Instances of P values determined by Tukey’s post-hoc tests 
comparing OB and CON, conducted after each of 1,000 iterations of random combinations using 50% of 
our left and 50% of our right hemisphere c-Fos data. Black bars in D, E, F indicate the number of 
instances in which P values were less than 0.05. * indicates a main effect of behavioral group, P<0.05; a: 
indicates a significant difference between WR vs. OB and WR vs. CON, P<0.05; b: indicates a significant 
difference between OB vs. CON, P<0.05; # indicates a trend toward a significant difference between OB 












        B.                   C.                 D. 
   
Figure 4.1 Identification and quantification of BrdU-tagged neurons in the left and right DG. (A) 
Six-week-old new hippocampal neurons. Timeline of BrdU injections and animal sacrifice. A SGZ new 
neuron labeled with BrdU (Alexa-488, left panel) and NeuN (Cy3, middle panel). Double-labeling was 
confirmed using a dual filter (right panel). Viewed under 60x objective; * denotes an example of a 
subgranular neuron; ^ denotes an example of a granular neuron. (B) New neuron density in the GCL 
across the left and right hemispheres. (C) SGZ new neuron density across the left and right hemispheres. 
(D) The percentage of SGZ out of total SGZ+GCL new neurons in the left and right hemispheres. *p < 
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A.            B. 
             
Figure 4.2 Comparison of left and right SGZ new neurons and %SGZ across sexes. (A) SGZ new 
neuron density in the left and right DG of male and female mice. * indicates an overall effect of 
hemisphere, P < 0.05. (B) %SGZ in the left and right DG of male and female mice.       * indicates main 
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Figure 4.3 Shifts of SGZ new neurons lateralization by experience during the survival critical 
period. (A) Timeline of BrdU injections, behavioral manipulations, and animal sacrifice. (B,C) SGZ new 
neurons per hemisphere in (B) C57BL6/J and (C) CD-1 mice following object exploration (OB) or 
standard housing (SH). * indicates left DG of SH mice is significantly different from the right DG of SH 
mice, p < 0.05; # indicates right DG of OB mice is significantly different from the right DG of SH mice, p < 
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significant different between SH and OB mice, p < 0.05; horizontal bars represent group means; lines and 




























Figure 4.4 Context discrimination learning. (A) Timeline of BrdU injections for both experimental 
groups, context discrimination learning and animal sacrifice. Schematic of context discrimination 
paradigm. (B) Freezing in Contexts A (blue) and B (red) on each day of training. * indicates a significant 
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Figure 4.5 Effects of context discrimination learning on SGZ new neuron lateralization. SGZ new 
neuron density in the left and right DG of (A) 1 wpm and (B) 3 wpm mice. (C) SGZ new neuron 
lateralization in animals trained at 1 wpm and 3 wpm as well as corresponding transport control animals. * 
indicates a significant difference between 1 wpm and 3 wpm mice, p < 0.05; lines and dots represent 
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